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Abstract 
The main purpose of this work was to investigate 
the characteristics and operation~l performance of pulsed 
wetted-wall distillation columns at total reflux and using 
the binary system methylcyclohexane/toluene. 
The results of a detailed study on three 
concentric-tube, wetted-wall columns are given both with 
the application of pUlsations on the vapour phase and 
without. Marked improvement in the performance of the 
columns expressed as number of transfer units (N.T.U.) 
was obtained by using pulsations in the range of 0-21 
cycles/sec, even to the extent of quadrupling the efficiency. 
It was found that an increase in efficiency was obtained 
for both increase in amplitude and frequency and that 
there exists a maximum efficiency at an approximate 
frequency of 17 cycles per second. 
The introduction section contains an account 
of the various correlations and work on wetted-wall columns~ 
and the individual influence of liquid and gas film transfer 
coefficients is discussed. The various theories relating 
to two-phase mass transfer are presented and a general 
account of the advantages gained by the application of 
pulsations to other processes is presented with particular 
reference to the influence of pulsations to gas/liquid 
systems. 
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The experimental section gives a description 
of the apparatus used and the experimental procedUre 
followed for both the pulsed and the non-pulsed conditions. 
The analysis method, mainly based on refractometric 
determination of the samples and the method for the 
determination of the number of transfer units of the 
columns are described. 
The results of the investigation are reported 
in section 3 and some of the results of the initial runs 
are included. The effect of the parameters of pulsations 
(frequency and amplitude) on efficiency are emphasized 
and the data for the non-pulsed operation are shown for 
comparison. Possible. mechanisms of transfer under 
pulsations are proposed in the discussion, section 4, 
and an attempt was made to clarify the existence of a 
maximum efficiency of the columns at a certain frequency. 
/'. correlation was obtained for the two columns (1" and 1-ttl 
inner tube), characterizing the main pulsation parameters 
with the increase in performance obtained, for the system 
studied. 
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SECTION ONE 
1.1 Wetted-Wall Columns 
Introduction 
In a wetted-wall column the liquid flows as a thin 
film down the inside of a vertical tube wth the gas flowing 
counter-currently. The important advantage of this 
apparatus is that the interfacial area can be measured, 
accurately. 
The rate of mass transfer is obtained from the 
analysis of tee liquid and gas entering and leaving the 
column~ The gas film coefficient KG' is either measured 
by the rate of absorption of a highly soluble gas in a 
suitable liquid or by measuring the rate of evaporation 
of a pure liquid in a gas stream. The latter method has. 
the advantage that the conditions could be adjusted so 
that there would be no resistance due to diffusion in 
the liquid. Liquid film coefficients, KL, on the other 
hand, are found by determining the rate of absorption or 
desorption of gases of low solubility or pure gases. 
The results obtained for gas-film coefficients are 
found to be consistent, reliable and independent of the 
column height. The experimental results for liquid film 
coefficients in this apparatus, however, vary with the 
length of column and depend on the amount of rippling 
developed in the liquid film, which has pronounced effects 
on the liquid film coefficients.(1,2) The liquid fiow 
~-----------------------------------
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rate also effects KL, and for thep,e reasons, it has been 
difficult to relate the liquid film performance of a 
wetted-wall column to packed towers. Liquid film coefficients 
are, however, usually obtained using a disc column. The 
theory of fractional distillation in wetted-wall columns 
with the vapour and liquid in streamline flow was 
discussed by Kuhn (3) and Westhaver (4) • 
\.festhaver devised an equation at total reflux, 
assuming adiabatic operation, laminar flow of vapour and 
an ideal liquid film - i.e.:- negligible surface resistance 
and a uniform radial composition, as follows:-
17 H.E.T.P., (cm) = __ 
35 
Vati 
D 
D 
•••••••••••• (1.1) + 
Va 
where:- v = linear vapour velocity, cm/sec. 
a 
2W = width of annulus, cm. 
D = diffusion coefficient, sq. cm/sec. 
A more exact solution of Westhaver's equation for all 
values of the relative volatility, has been given by 
Kuang-Chun and Malyusov (5) (6) 
It was reported that when the vapour is in 
streamline flow and the column is of sufficient length 
to establish uniform conditions the dimensionless group, 
KG ~ is given by:- KGd/D = 3.66. 
D 
The height of a transfer unit HG, is given by:-
- 11 -
HG = ud = 0.068 ed2 " -;;-) 4KG 
= 0.068 t;P) (A 7 roD 
= 0.068 x d x Re x S 
11 C 
1.2 Gas and Liqu;~Film Coefficients - Empirical 
Correlations 
d •••• (1.2) 
Chilton and Colburn(?), used the Prandti-Taylor 
modification to Reynolds analogy for mass and momentum 
transfer in a pipe add derived an equation which related 
the gas film coefficient with the flow rate and the 
pysical properties of the system. 
The equation appears in various forms in 
literature, the usual versions (corrected for absorption 
and desorption processes by including the drift factor 
PBM/P) are as folIo ws:-
x 
V' 
p 
(s~t =In 
----
where:-
= the mean molecular wmight of the gas. 
= the gas velocity, ft/hr. 
G = the mass velocity (= pv), lb/(hr.) (ft2) 
, 
= the molar velocity (= G/~), lb. mole/(hr.)('ft2) 
,-------------------------------------------------------------------------- -
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J D = the mass transfer factor. 
The equation applicable for distillation in a 
wetted-wall column may be written in the following form:-
= 
where P is the total pressure. 
Further studies to find the effect of the channel diameter 
on the mass exchange during rectification in the turbulent 
flow, resulted in the following:-
11.1 dO•64 (R )0.23 S 0.67 
~1r Cv •••••••••• (1.3) 
This is recommended for calculations involving the 
rectification process over a range of Reynolds numbers of 
1,000-15,000 and pressure range of 50-760 mm H • g 
~illila~4 and Sherwood (8), studied the evaporation of 
water and several organic liquids into a turbulent air 
stream, in a wetted-wall column. The mass transfer data 
was correlated within a spread of ! 15$ by the equation:-
d R 0.83 S 0.44 = 0.023 
e" Cv 
x 
where:-
d = the tube diameter. 
x = the effective thickness of the laminar film. 
Reynolds numbers ranged from 2,000 to 35,000 and Schmidt 
numbers from 0.6 to 2.5 and pressures from 0.1 to 3 
atmospheres. 
They also presented their results in the following 
form:-
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I ) 
! P . 
x( BM . x 
\ . 
\p t 
0.56 
I ~ ) = 1-\p D I 
/1 -0.17 
0.023 .~ u d;J •••••• (1.4) 
,j4 
or: 
where, u is the gas velocity taken relative to the tube 
wall. 
The equation is similar to the theoretical equation of 
Chilton and Colburn, for heat and mass transfer, but the 
predicted coefficients by the theoretical equation is about 
3~fo lower than the measured ones. This may be due partly 
to the effect of ripples developed in the liquid file 
travelling down the column, thus causing turbulence and 
increasing the surface area of the liquid exposed to the 
gas. 
(9). . Morris and Jackson stud1ed absorpt1on of hydrogen 
chloride in water, ammonia in water, and dilute acid and 
drying of air with sulphuric acid in wetted-wall columns, 
and gave a general correlation in the form of the following 
relation:-
or 
= 
0.04 R -0.25 s -0.5 
e lr c 
o 04 R -0.25 
• e v-
s -0.5 
c 
•••••••••••• (1.5) 
r----------------------------
- 14 -
The best correlation was found when the gas velocity 
u, in the above equation was taken relative to an effective 
liquid surface velocity, Ut) For a counter-current flow of 
gas and liquid, the gas velocity is then given by:-
where ug ' is the actual gas velocity in the tube and ul 
is the effective liquid surface velocity and was found to 
be about 70% of the calculated surfacO velocity assuming 
streamline flow in the liquid film. 
i.e. ul = 0.7 x ul 
max. 
and from theoretical considerations; 
ul max. = Q 
where:-
x fL g q2 Y 
jI L ' 
g r 2)f 
fL}4L J 
q = the volume of liquid flowing in unit time through 
a film of unit width. 
r= is the mass flow rate. 
Johnstone and Pigford (10), studied distillation of severnl 
mixtures including acetone/water, ethanol/water, benzene/ 
toluene and correlated their results on the basis of 
gas-film mass transfer coefficient, by the equation:-
(H.T.U.)a = 7.63 d, 1---' ,)1., I (~u d~0.23 ( \0.67 
,)4 fD) ••••• (1.6) 
Morris and Jackson claimed "hi's'" results to be in good 
agreement with those of Johnstone and Pigford for 
distillation. Norman (11) found good agreement for distillation 
- 1':5-
of ethanol/water mixtures in a wetted-\,la11 column and the 
Chilton-Colburn equation. 
Jackson and Ceaglske (12Jtudied the vapourisation 
of water, toluene and 2-propanol, and of water from aqueous 
glycerol solution and also the distillation of 2-propano1/ 
water mixture in a wetted-wall column. They found that 
their results were in good agreement with the Chilton-
Colburn equation, taking the gas velocity as its velocity 
relative to the liquid surface. They furthered the 
- investigation by taking liquid samples from the column wall 
at several different heights in the column and reported that 
point values of the gas film transfer coefficients varied 
with the compositio~ in a manner not predic~ed by the 
Chilton-Co1burn equation. 
Chari and Storrow(13) studied the distillation of 
methanol/water, ethanol/water, and acetone/water in a 
wetted-wall column. By measuring the vapour temperature 
at several points along the column, they estimated the 
vapour composition and found that HOG' varied with 
concentration of alcohol in a manner similar to the change 
in m, the slope of the equi~ibrium curve. fhey also 
attempted to separate the gas and liquid resistances and 
gave the following relationship for HOG at any panticu1ar 
composition:-
n 
+ m~ ( 4 r ) .... .... (1.7) 
rL 
where ~and • were constants which ihc1uded the vapour 
and liquid Schmidt numbers. The height of a gas phase 
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transfer unit (HG) over the range of alcohol concentration 
used (about 20-80 mole %) could be represented by the 
following two equations:-
or: 
= 11.4 0.17 
(R ) 0.17 
= 13.9 \ ev 
, \ (s )0.56 
" cv l 
.••••.••••• (1.8) 
Thus the gas phase resistance in distillation 
was larger than the GUlilllnd-Sherwood equation for 
evaporation of a pure component with a gas stream 
(unidirectional diffusion). The liquid film resistance 
was correlated by the equation:-
J 
HL = P (4t') 
f }.L 
•••••••••••• (1.9) 
where f, was an empirical factor taking into account the 
variations in the physical properties of the liquid over 
the concentration range under consideration. The exponent 
of the liquid Reynolds number in the above equation was 
the same as the modified form of the equation for HL 
(14) 
given by Surowiec and Furnas • 
Similar expressions for the liquid-film resistance have 
been derived for wetted-wall columns on t~e assumption of 
streamIane flow in the liquid phase and turbulent motion 
in the vapour phase. A general expression is given as:-
H ~ MZ 
RP sq 
Gr = - • eL CL • L MM a 
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where p, q, r = constnnts 
M = point value of the molecular weight. 
MM= mean molecular weight over height z. 
G = Galilee number = DL2 / gZ3 • 
a 
Chari and Storrow, concluded that liquid film resistance 
was n significant part of the overall resistance to mass 
transfer; however, due to lack of data on the variation of 
the liquid phase diffusion coefficient with composition, 
the results could not be correlated by a single equation. 
Storrow (15)later determined experimentally values for the 
liquid phase diffusion coefficients at different compositions 
and analysed data on the rectification of ethanol/water 
mixtures ima wetted-wall column b~t again no satisfactory 
correlations were obtained. His analysis confirmed, 
however, the conclusions of Chari and Storrow. 
Querishi and Smith(16) presented data on the 
rectirlcation£ of six binary mixtures in a wetted-wall column. 
For all these systems, (HOG) was found to vary with 
composition, passing through a minimum about the middle 
of the concentration range and increasing as the 
concentration of the more volatile component approached 
zero or unity. To counternct this variation, it was found 
useful to multiply (HOG) by a function, y(1-y), so that 
HOG y(1-y) mny become independent of composition. 
Bayarchuk and Planovskii(17) studied the kinetics 
of mass transfer in rectification apparatus of the film 
type, in an attempt to:-
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(a) establish regularities in the change of the 
coefficients of mass transfer, Ka and KL due to 
hydrodynamic and physiochemical factors. 
(b) to split the overall mass transfer coefficients to 
the individual film coefficients Ka and KL and to find 
a more precise method of calculation of rectification 
columns of the film type by making use of the individual 
film coefficients of mass transfer. They chose three 
binary systems, namely, acetone/water, carbon tetrachloride 
/toluene, and benzene/ heptane for their test mixtures 
and the experiments were carried out in a laboratory glass 
rectification column of the film type. The experiments 
were conducted at total reflux and the compositions of 
sampDes were determined by refractometric methods. The 
calculation of mass transfer coefficients were made 
according to:-
M = 
= 
where: 
tJ. y • a 
m 
A· x a. 
m 
•••••• (1.10) 
M = the quantity of the M.V.C. transferred 
Kg. mole/hr. 
Koa and KOL = the overall mass transfer coefficient 
Kg. mole/(m)2.(hr). 
~y andox = the mean driving forces, 
m m 
kg. moles/(kg. mole). 
a = the surface of the phase contact, 2 m • 
AY and I.1x were given by the following equations":-
m m 
= 
= 
.. 19 .. 
Yt - Yb 
{'Yt J Yb dy 
y* -Y 
dx· 
, and 
where G = the quantity of vapour passing through the 
columns, kg/hr. 
and L = the quantity of reflux liquid, kg/hr. 
It'was concluded that KOO and KOL depended on the 
composition of the liquid and vapour as well as the 
velocity. This conclusion has also been reached by other 
workers (18), for acetone/water, methanol/water and ethanol 
/water systems. 
KOO increa£ed with an increase in the concentration 
of the M.V.C. and KOL decreased with such increase .. in the 
concentration. These results are in agreement with those 
of Orlov and Planovoskii (19,> Kol'tsov and Planovskii (20) 
and Kesatkin and Chekhov (21 >. 
The relation between the overall and the individual 
film coefficients was according to the following equation:-
1 
KOG 
1 
=;y:-= + 
G 
m 
a 
~ 
•••••••••• (1.11) 
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where m is the mean tangent of the angle of inclination 
a. 
of the equilibrium line on the operating section; m 
a 
was defined by:-
= y/ III x m 
The general mass transfer equations for the mixtures 
investigated were:-
and 
N = 0.62 x 10-5 R 0.76 ( )fl _) 2.3 
Uv ev \8 
= 
-6 0.525 x 10 
where:-
de: the equivalent diameter of the channel; (m) 
D : coefficient of diffusion, m2/hr. 
v 
ML: mean molecular weight of the liquid phase 
of the mixture, m2/hr • 
• LM: mean specific gravity of the liquid, Kg/m3• 
M the thickness of the film. 
h and/~ are the viscosities of the liquid and /' Iv 
vapour phases, Kg. sec/m2. 
Equation for N is valid within the limits 
U
v 
Re = 2000 - 12,000 
v 
and~·l/)lv = 26 - 50 
Equation for N is flPplicable within limits of R~ 
uL eL 
= 186-1900 and P ~ 80-250. r L 
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1.2.1 CONCLUSIONS 
The following points can be drawn resulting from 
the discussion treated so far:-
1. Mass transfer coefficients depend on the physical 
properties of the liquid and vapour, as well as on 
their velocity. 
2. The mass transfer coefficient relative to the vapour 
phase KOG ' increases with a rise in concentration of 
the M.V.C. and KOL decreases with such increase in 
composition. 
3. Mass transfer in apparatus of the film type can be 
expressed by means of the partial coefficients of mass 
transfer in the vapour and the liquid phases. 
4. The mass transfer coefficients (KG) and (~) do not 
depend on changes in concentration but vary strongly 
as a function of the velocities of the vapour and 
liquid phases. 
5. The dimensionless equations obtained permit making 
calculations of the film rectification columns with 
the use of the m~ss transfer coefficients for the 
vapour and liquid phases. 
6. In calculating the Reynolds numbers for the vapour 
and liquid phases, it is necessary to use the 
relative velocities of the vapour streams and the 
liquid film. 
-22-
1.3 Theories of Interphase Transfer 
1.3.1 Introduction 
In 1922, Peters (22)introduced the concept of 
the height equivalent to a theoretical plate (H.E.T.P.) 
as a measure of a column performance. The first complete 
theory of distill~tion was advanced by Kirschbaum (23)in 
1931, and was based on considerations of the heat transfer 
taking place between the two phases. 
Chilton and Colburn(24)in 1935, formulated a 
theory based on countercurrent mass transfer. It 
represented distillation as n diffusional process and 
used the vlhi tman model for its evaluation. A t the same 
time Higbie put forward the idea of systematic surface 
renewal which formed also the basis of the penetration 
theory. This has subsequently been codified by Danckwerts 
and Kish ineviskii. A different theory was proposed by 
Bosnjakovic r25~ on kinetic considerations of disturbed 
equilibrium between the phases. 
The various theories and models proposed for 
continuous transfer processes have been developed from 
work on packed distillation and \<'letted-wall columns and it. 
is considered to be worthwhile to discuss them in some 
detail, with the intention of emphasising on the assumptions 
made for their derivations and also their limitations. 
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1.3.2 The Two-Film Theory of vlliitman 
The two-film theory assumes the existence of laminar 
layers on both sides of the interface with the bulk of 
the phases in turbulent motion. The transfer of mass 
through the laminar layers takes place by molecular 
diffusion and thus represents a steady state process. 
The final rate equation through the vapour film is 
given by:-
= D g p •••••••• (1 .. 12) 
RT 
where: 
N. = rate of transfer in moles/unit area and unit time; ). 
D = diffusion coefficient in the vallour phase; g 
xf = effective thickness of the vapour film 
Yi = interface composition of the diffusing component. 
The stagnant laminnr layers, as visualised by the 
two-film theory can only exist if:-
(a) The velocity gradient reaches zero at the interface. 
(b) The turbulence decreases to zero at the interface. 
Owing to the high mobility of the phase~ it is 
difficult to visualise these conditions in gas-liquid 
systems unless the phases are virtually at rest. 
For a long time, it was supposed that the conditions 
required by the two-film theory were set up in a wetted-
wall column. However, it has been found that it is 
almost impossible to eliminate the formation of ripples 
and a mathematical nnalysis by Kapitsa (26) showed that 
-24-
wave motion in falling films is more stable than laminar 
flow. 
The Transfer Unit Theory 
Since the transfer unit theory, as developed by 
Chilton and Colburn was based on the two-film theory, 
it will consequently be subject to the same criticism. 
In recent years, experimental results were obtained 
which cast doubt on the validity of this theory, 
particularly on the applicability of the equ~tion: 
H' OG = Ha + mG 
L 
••••.•••••••• (1.13) 
This equation is often referred to as the Colburn 
equation. Its mirln applic.'lti"on was considered to be in 
the possibility it offered for splitting the overall 
H.T.U. into ,film H.T.Uls by plotting HOG versus !Q • 
L 
Furthermore, on the basis of this equation, various 
claims were advanced concerning the controlling influence 
exercised by either of the films according to the variatiob 
of HOG with m a. 
L 
(26n) 
In 1943, Gerster, Koffol t and vIi throw produced 
results plotted as HOG versus!!LlL. The graph sho"l~d 
L 
that the intercepts were negative throughout and that 
both the intercepts and the slopes varied with reflux 
ratio, Table (1.1.) 
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TABLE 1.1 
V~riation of Slopes and Intercepts 
26a (After Duncan, Koffolt and Withrow). 
, 
-
... 
---
G/L Slope I Intercept 
2.75 16.4 
- 17.0 
2.00 9.0 
-
9.7 
t 
1.72 6.1 
-
3.9 
I 1.57 4.5 - 2.8 
, 
1.37 3.0 
-
1.1 
, 
I 
1.28 I 2.0 - 0.6 1.00 2.2 0.06 I 
-J _. 
:" ' 
According to the conventional interpretation of 
the Colburn equation, a negative intercept would mean a 
negative value of the gas film H.T.U. but this is 
obviously impossible. The authors concluded that it is 
more stiisfactory to' plot HOG versus m, with G/L 1?S 
parameter than HOG versus m G/L. 
Lar!, negative intercepts have also been obtained 
by Smith, who attributed them to the failure of the 
two-film theory to represent adequately the conditions 
at the interface. On plotting HOG versus m ~ for the 
L 
distillation of isopropanol-water mixtures at total 
reflux. 
\' 
\ 
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Deed, Schurtz and Drew (27bbtained a curve instead of a 
straight line. They interpreted it as an indication of a 
variation in the relative importance of the film 
resistances with concentration. 
Experiments on distillation in wetted-wall columns, 
carried out by Johnstone and Pigford(10)provided evidence, 
based on the Colburn equation, that the vapour film was 
controlling. However, Furnas and Taylor found a marked 
influence of m on HOG which on the basis of the Colburn 
equation, they explained as being due to the controlling 
influence of the liquid film. 
Although Pratt, in his treatment of the mass transfer 
coefficient assumed distillation to be a vapour film 
controlled process, Bowman and Briant(Z8)introduced a 
postulate into their calculation which was equivalent 
to assuming that both film resistances were equal. 
The main objections to the transfer unit theory can 
be summarized as follows:-
(a) Assumption of tho Whitmnn model for the mechanism 
of transfer. 
(b) Assumption of constant molar overflow (this condition 
is only fulfilled if the molar latent heats of the 
components are equal). 
(c) The existence of negative intercepts. 
(d) The variation of slopes and intercepts with G/L 
, 
\ , " \ ~'~ 
\ 
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(e) The variation of slopes and intercepts with m. 
where c, d, e refer to the graphical re,resentation of 
equation (1.13). 
1.3.4 The Penetration Theory and other Theories of Surface 
Renewal 
The aim of the penetration theory as formulated 
b H· b· (29). t . 1· t· . t f th Y 19 1e, 1S 0 g1ve a more rea 1S 1C P1C ure 0 e 
hydrodynamic conditions occurring at the interface. It 
presents a case of unsteady state diffusion and can be 
solved subject to snme boundary conditions to give the 
following expression:-
N' = (c - c )~ ....... (1.14) o e""j{5' 
where N' = local rate of mass transfer in moles per unit 
area and unit time. 
C = initial bulk concentration in the liquid phase. 0 
Ce = equilibrium concentration. 
0"" 
= time of exposure of a surface element. 
This theory, in this respect, is considered 
superior to other theories based on the Whitman model. 
The main objections which can be raised towards 
Higbie's theory are:-
(a) The assumption of an infinite depth of liquid. 
(b) The assumption of regular surface renewal. 
(c) The assumption of molecular diffusion during the 
time of contact. 
- 28 -
The first assumption can be regarded as justified 
if the time of contact is short e.g. in packed columns. 
The second assumption cannot be justified in the case of 
columns packed at random b~t this objection can be overcome 
by assuming Danckwert's modification by introducing the 
surface age distribution function in this treatment. 
The third assumption is , however, common to both the 
Higbie and Danckwert's model and it has been criticised 
by Kischenevskii. 
Kishenevskii (30)studied the absorption of CO2 
into Na2e03 - solution and used the results obtained to 
evaluate the energy of activation of the rate determining 
step in the reaction involved. By comparing these values 
with those determined by other methods, he found that 
the theory of Dnnckwerts gives wrong values for the 
energy of activation, and indicates that this quantity 
should vary with turbulence (eddy diffusion). 
In the theories of surface renewal, the values 
for the addition of resistances are still applicable. 
ThUs, if a gas-phase resistance is present, then according 
to Danckwe»t's theory:-
N' e - e I 1 + m e - e (1.15) = o e - KG = 0 e •••••••• j!;; 1 m 
+-
KL KG 
s = rate of surface renewal (traction per unit time). 
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1.3.5. T~heory of Kirschbaum 
The theory of Kirschbnum has not been widely accepted 
and experimental evidence for its support is lacking. The 
mechanism assumed in the original theory is that of thermal 
distillation with vapour being generated within the liquid 
phase. 
This mechanism is very unlikely and it has been 
dropped by Kirschbaum in favour of the theory of equivalent 
heat and mass transfer. 
The main criticism of the latter is the assumption 
of the two-film theory. 
1.3.6. The Theory of Bosnjakovic 
The limitations of the theory have been indicated 
by Bosnjakovic ~5)He mentioned that in most practical 
cases, the removal of the molecules from the interface 
and not the transfer across the interface controls the 
process. The resistance to transfer, as visualised by 
Bosnjakovic is of kinetic character. However, according 
(31) . 
to Schrage ,th~s type of resistance does not exceed 
10% of the total resistance, even under most favourable 
conditions. 
Bosnjakovic, introduced the concepts of invasion 
and evasion and by correlating the respective coefficients 
with temperature and pressure, using the kinetic theory 
of gases, he finally obtained the following expression:-
N' = oP Mt 
where: 
• 
If 
e 
T0 
- 30 -
y 
V 
~ '. = coefficient depending upon 
M = Mol. weight of the M.V.C. 
TL = absolute temperature of the 
TG" = absolute temperature of the 
•••••••••••• (1.16) 
the state of motion. 
liquid surface. 
vapour. 
Smith, modified this by introducing a liquid phase 
resistance of the surface renewal type and obtained the 
following expression:-
r 
-bml 1 I 
HoG = C I 1 (bm + 1) e J •••••••• (·1.17) ~. j l 
where C and bare constants. 
1.4. Vibrations and Pulsations 
1.4.1. Introduction 
The Chemical engineering literature contains a 
vast amount of evidence that externally applied vibrations 
and pulsations, of controlled intensity, have beneficial 
effects. 
Many of the published investigations have been 
on a laboratory scale, although industria~ applications 
also exist in a few cases e.g. in liquid-liquid extraction. 
The various appIacations which have been improved by 
pulsations are indicated in Figure(1.1as a function of 
frequency and the generators available are also shown. 
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A brief discussion is presented on some of the more 
general chemical engineering operations in which applications 
of pulsations are being developed and practiced. 
1.4.2. 1iquid-Liquid Extraction 
The performance of the perforated-plate column for 
liquid-liquid extraction was greatly improved by superimposing 
pulsations. Fluid pulsations at low frequencies (1'-5 c/s) 
has been found to be an ideal method of applying moderate 
agitation to continuous extraction columns. The original 
patent (32~roposed vibration of the sieve plates in the 
column, but later development has been concentrated on 
columns with fixed plates or packing and pulsed flow of 
the continuous phase. It soon became clear that pulsations 
not only reduced the stage height by a factor of (3) or 
more, but also raised the permissable throughput by 
preventing flooding. 
Thornton(341nd Chantry et al. ,(351nvestigated 
pulsed packed columns and reported that the H.T.U. reached 
a minimum value at certain amplitude-frequency combinations. 
Increasing the pulsations above the optimum level reduced 
the contacting efficiency because of back-mixing. 
Konovalov and Romankov(36) ~ have studied the effect 
of vibrations on mass transfer in an inclined extraction 
column and reported yield increases of 2-3 times for 
identical flows and energy consuQption. The effect of 
pulsations was studied in extraction columns with packings, 
sieves, etc. and yield increases of more than 20~~ were 
obtained (37). 
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It is believed that in extraction, pulsation 
improves the efficiency in two ways:-
(a) It increases the contact area between the phases. 
(b) It decreases the thickness of the boundary layer 
which controls the interphase mass transfer because 
of increased turbulence. 
1.4.3 Gas-Liquid Contacting 
Bubble Dispersions 
Several workers have found that gas absorption-
rates from bubble dispersions can be increased with the 
application of vertical vibrations. The largest 
effects have been observed in the frequency range of 
10-50 c/s with well-defined maximum values at certain 
frequencies (38l 
T4e behaviour of vibrating bubble dispersions can 
be largeIw explained by three different effects:-
(a) Forcesacting on bubbles: 
Bjerknes(39), showed that a pulsating body immersed 
in a synchronously vibrating fluid was subject to a 
uni-directional force and also that two adjacent 
pulsating bodies attracted each other if the pulsations 
were in phase and were mutually repelled if the pulsations 
6 
were 180 out of phase. 
At high vibration intensities, gas bubbles may be 
prevented from rising, or entrained downwards from the 
liquid surface. Absorbers operated under such conditions 
produce extremely high mass transfer rates. According to 
the simple theory (40)a bubble is halted by vibrations if 
M is unity, where:-
M = t...)4A2 fh, 
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.. 
/2gP 
o 
• ••••••••••• (1.18) 
Observations(41)confirm this theory at low 
vibrational Reynolds numbers, but as the Reynolds number 
increases, the critical value of M rises to about 2. 
(b) Resonance of bubbles: 
A gas bubble, immersed in a liquid, has a 
characteristic resonant pulsation frequency given by 
(4/d) 
Minno.ert as:-
w= 
••••••••••••• (1.19) 
(c) Resonance of bubble dispe~sions: 
The velocity of sound in a gas-liquid dispersion 
can be calculated (42.Jo be very low, of the order of 30 m/e--
It follows that a column of dispersion should resonate at 
correspondingly low frequencies and this was confirmed 
experimentally ('43). 
Recent investigations of gas absorpti9n in vibrated 
bubble columns are summarized in Table (1.1) 
1.4.4 Fluidization 
Bretsnnjder et 0.1 (44~ound that fluidization of a 
vibrating bed could be achieved at much lower gas velocities 
than were required for static bed. Heat transfer is greatly 
enhanced by vibrating the bed and wall ~eat transfer 
coefficients of up to 40 B.t.u/(ft)2. (h) e'F) have been 
(45) 
reported • Conditions within a vibrating bed are 
-Bretsnadjer & I Harbaum and Buchanan tit al. 
INVESTIGATORS Pasiuk (49) Houghton (38) (50) 
--~""" ... -....--- ........ ~-~......-- ... ~ 
Column dia, cm. 5.0 5.2 7.0 
Freq. range, c/s 0-80 200-2000 20-50 
-. 
. . 
Amplitude range, cm. 0.83 0.1 
.05-1.0 
System investigated C02"water C02"water Air/Na2S03 
(continuous) (continuous) (continuous) 
Max. improvement factor 3.0 1.7 
-
- ... . ......... ~-..... ~ 
--
Most effective frequencies, c/s 14 125 - 75 - 57 No peaks 
~ ~ 
Corresponding column height, cm. 35 15.4 - 23.2 - 30.8 (15-45) 
. -
_. 
-
Power input, hp/100 gall. 
-
10 
-
J 
• Approximate estimate based on 10 per cent loading of i hp motor. 
TABLE 1.2. GAS ABSORPrION IN VERTICALLY VIBRATING BUBBLE COlJJMN 
Jameson 
(51) 
7.6 
27-34 
0.614 
0/Na2S03 (batch) 
-. ~ 
31 
23 
I 100· 
! 
1 
Baird 
(52) 
10.3 
1.3 
5.0 
Air/Na2so3 (batch) 
1.95 
-
(250) 
4 
\).I 
VI 
I 
~-----------------------------------~ - --
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virtually isothero:ll and vibration has been recommended 
for exothermic gas-solid reactions. 
Resonance phenomena are not usual in particle beds, 
but an exception was reported by Mitkevich (47.~ho calcined 
sodium bicarbonate and found pronounced resonance at 
frequencies between 23.3 and 50 c/s depending on the height 
of the bed. 
Sound waves of frequency 50-500 c/s have been applied 
to fluidized beds by Morse (i!8 ). No effect was found in the 
case of free-flowing materials such as plastic beads; 
perhaps because of the "imped'ence mismatch" involved in 
transmitting sound to solids. However, the sound ~sulted 
in a substahtial improvement in the fluidization 
charateristics of non-fluent solids such as plaster of 
Paris. 
1.4.5 Chemical Reactions 
The effects of sonic and sub-sonic frequencies 
are to accelerate those reactions which are limited by 
some physical process such as diffusion. Low frequency 
(53) 
liquid-phase pulsations have been appDied to a small 
fixed-bed reactor resulting in rate increases of up to 8~fo. 
The reaction studied was the catalytic hydrogenation of 
methyl styrene which is known to be diffusion-controlled 
and the results obtained were comparable with Krasuk and 
Smith's (54~ork on mass transfer in pulsed flow through a 
fixed bed. The improvement in rate due to pulsation 
decreases as the steady flow rate increases. 
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As well as improving yields in reactors, pulsations 
can reduce chemical fouling i.e. the build-up of viscouu 
reaction products on the reactor walls. A recent patent 
(55l describes a resonant pulsed' reactor developed for 
the latter purpose. Pulsations were applied to the liquid 
in a tubular reactor by a push-pull system comprising two 
gas chambers connected upstream and downstream. The 
resonant frequency of the arrangement was approximately 
0.5 c/s, a low figure consistent with the length (197 f~) 
of the reactor tube. 
1.5. Pulsations - Effects on Heat and Mass Transfer 
1.5.1. GENERAL 
The earliest work on vibration-associated heat 
transfer was by Martinelli and Boelter(56)who found that 
natural convection from a i-inch tube to water was increased 
by up to 40~fo by vibration (amplitude up to 0.1 in., 
frequency up to 40 c/s). 
Vibrations were also applied by Lemlich(57)to an 
electrically heated ~ichrome wire resulting in up to 
fourfold increase; in heat transfer. Lemlich proposed 
the "atretched film" model, based on the observation that 
cigarette smoke passed around the vibrating wire as if 
it were a plate. A stretched vibrational Reynolds number 
was defined as follows:-
= (d + 2A) (4A f/p ) ••••••••••• (1.20) 
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It was possible to correlate data on both heat 
and mass transfer(.58)in terms of (Roo)''' 
(59) 
Fand and Kaye observed particularly intense 
streaming (steady circulation wave. occurs near a fixed 
object in a standing sound wave) at heated horizonta-l 
cylinders anc1'christened the effect "thermoacoustic 
streaming". Later experiments(60)led to correlations(61) 
for heat transfer from:-
Ca) horizontally vibrating cylinders. 
(b) cylinders in horizontal sound fields. 
Deaver et al~62) considered heat transfer from an 
oscillating horizontal wire to water. They were able to 
correlate their results, with some success, by the simple 
expedient of forming dimensionless groups similar to those 
used in correlations for combined free and force convection 
in steady flow past a cylinder. Detailed literature 
surveys on the subject have been given by Lemlich and 
Fand and Kaye(6)O. 
Low and Hodgins (6;Jeaaured local evaporation rates 
of napthalene into an air stream in the presence of a 286 
C/s standing wave. The transfer rate at the modes was 
slightly reduced by sonic radi~tion, but the overall effect 
was positive with an improvement of up to 1?~fo at the 
antinodes. The enhancement increases with sound intensity 
and decreases with increasing frequency. The amplitude of 
the oscillation is a dominant factor in the enhancement. 
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The sound flux chnnges both concentration and velocity 
profiles in the column, probably by alteration of the 
boundnry Inyer. It was reported that if oscillations are 
intended to produce turbulence, it is generally more 
effective to use a high nmplitude and low frequency than 
to use a low amplitude and high frequency. 
The relative importance of amplitude is confirmed 
(57:)(58,-
by Lemlic~ wno correlated his extensive results on 
heat and mass transfer from vibrating cylinders in terms 
of n "stretched film" Reynolds number, which emphasized 
amplitude more thnn frequency. Similarly, Kalashkinov 
('65) 
and Chernikin found that heat transfer from vibrating 
cylinders was strongly dependent on amplitude. 
(57) 
Lemlich studying the effect of vibrations of 
frequency 20 to 118 c/s on small horizontal cylinders 
sublimming to room air reported increases of up to 66~fo 
in the coefficient of maSS transfer. Two regions of 
improvement in the coefficient were distinguished; one 
of low improvement and the other of rapidly rising 
improvement with the differences between them attributed 
to differences in streaming pattern. 
The improvement in coefficient is correlated 
in terms of the stretched vibrational Reynolds number 
by the following:-
~ 
Ka/K'a = 0.117 (Re ) 0 .• 85 •••••••••••• (1.21) 
_5 
Re = (b + H) V f/JI 
5 
V = 2 HF. 
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KG = mass transfer coefficient 
K' G = mass tran~er coefficient for no vibration. 
V = average vibrational velocity, mm/sec. 
D = diameter of sample, mm. 
H = path length; amplitude, mm. 
The resuDts are qualitatively in accord with earlier 
corresponding work in heat transfer. A modification of 
the correlation to include the heat transfer results 
(above Re = 20) can be represented as follows with a 
s 
standard deviation of!t. 16%. 
KG/KG 0.038 Re 0.85 S 1.13 (1.22) = •••••••• s c 
h/' t 0.038 R 0.85 P;w: 1.13 (1.23) = ........ h e s 
Of course further work is required to see how well 
these relationships can be extended beyond the range of 
variables studied. 
G h( 66 ) d t d "1 . t . t . , b t . o con uc e a S1m1 ar 1nves 19a 10n, V1 ra 1ng 
a cylindrical sample of naphthalene in a vertical 
sinusoidal motion, obtaining mass transfer rates of up 
to five times as high as those due to free convection 
alone. His data did not correlate well with those of 
Lem1ich and Levy. Knight and Ratkowskf67~ttempted to 
correlate both sets of data with the empirical equntion:-
/ ,\2 
KG/K' G - 1 = 0.021 Rev (~ i 
A' ! 
/ 
••••••• (1.24) 
R 
A 
e 
v 
A' 
L 
• . 
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2fA d/v vibrational Reynolds number. 
effective surface area of cylinder 
c"', 
(n d+2A)t', cm2 • 
2 
surface area of cylinder, nd Lt cm • 
lengt~ of cylinder, cm. 
but the data of Goh, were still somewhat lower by a few 
per cent. 
Shirotsuka and Honda(68) studied mnsstransfer 
through an inside tube wall conted with l-nnphthol, to 
a pulsation flow. They concluded that:-
(n) Mass-transfer coefficient increases in direct 
proportion to the increase of amplitude and 
frequency, but in inverse proportion to that 
of Re number. 
(b) The following equation represents the rate J D -
factor increase, [<Jp - Js) I J s] D' 
as obtained by the dimensiono.l analysis:-
8 -4 .2 1f 10 ( Af 
u·. 
(~)1.3 
A 
• ••• (1.25) 
(c) It was supposed that the characteristic increment 
of mass transfer due to pulsation can be explained 
in the light of increased turbulence of flow. 
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Jameson(69) studied transfer rates of benzoic acid to 
glycerol-water mixtures ond obtained values up to 28 times 
higher than those due to free convection alone. He derived 
an expression based upon boundary-layer. theory and for mass 
transfer in streaming flow as follows:-
Sh = 
(valid where Sc ~ 1 , .~' 1) 
1/6 
(h, ) 
, 
•••••• (1.26) 
f 
Rno, Rafin and Ra~70)({ri~estigated mass transfer using both 
liquid and gas ae the fluid medium. Their systems incIUded 
benzoic acid into water, electrolytic radox reactions in 
potassium ferri and ferrocyanide and naphthalene into air. 
In all cases, they found that their data could be correlated 
by the following equntion:-
Sh = 0.41 ••••••• (1.27) 
Another investigation into mass transfer has been made 
(72) (73). by Fiklistov and AkselruG uS1ng the system CaS04 - H20. 
They obtained an increase in the mass transfer coefficient 
of up to (10) times that for free convection. 
o~berwoiker8 obtained an experimental equation 
which covers a large range of Reynolds numbers in both 
liquid and gas; as foTlows:-
Sh = o 237 R 0.633 S i • ev c •••••••• (1.28) 
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This represents most of the work investigated so 
far on mass transfer with average % deviation of 26% 
covering a range of frequencies between 100 - 7000 clmin, 
double amplitudes between 0.05 - 4.0 cm, diameters between 
0.07 - 1.1 cm and vibrational Reynolds numbers between 
9 • 2000. In addition, the range of the ratio of double 
nmplitude to diameter, Aid = 0.2 - 5.7. 
Baird,(74)conducted an experimental investigation 
in the absence of mass transfer in order to determine 
some qualitative information on the flow conditions around 
a rigid cylinder fixed in a liquid which oscillates 
transversely with respect to the vylinder axis. In 
particulnr, he attempted to define a criterion which 
would predict the flow conditions under which the boundary 
layer might be expected to separate from the cylinder 
surface. Using a quasi-steady state approach and obtcining 
data by employing water as well as mixtures of toluene 
and liquid paraffin, he proposed that a transition would 
occur if a dimensionless group f) , given as : 
, = 2.19 A f O• 2 / dO• 6 11 0.2 •••••••• (1.29) 
exceeds a value of (2). 
He also pointed out, however, that J, might no~ 
be able to be used directly when mass transfer occurs, 
because of the additional effect of convection. 
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Low frequency fluid pulsations have several practical 
advnntages over vibrations and sound, nnmely:-
(~) No acoustic shielding is necessary nor does 
provision have to be made for vibrating the 
equipment. 
(b) Pulsations are not attenuated in long pipes, 
packed bed etc. as much as higher frequency 
oscillations. 
(c) A variety of pulse generators (pistons, flow 
interruptors, air pulsJs) can be made for large 
scale operation at moderate cost. 
The simplest quantitative approach to transfer 
processes in pulsed flow is to estimate the transfer 
rate at any instant from the fluid velocity at that 
instant, using a known steady-state relationship; then 
to integrate over one pulsation period to obtain the time 
average coefficient. This is the essence of the quasi-steady 
state theory (?5l 
It cnn be shown that if the transfer coefficient 
is relat'ed to flow velocity by a simple power law:-
where:- h: heat or mass transfer coefficient 
and if the exponent n <1, the pulsations of small 
amplitude should decrease the overall coefficient. 
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(76) Hav~mann and Rao worked with turbulent air 
streams, used pulse frequencies of 5 - 33 c/s and found 
a decrease in heat transfer at low frequencies but an 
increase at high ones. The transition frequency was in 
the region of 20 c/s. and depended to some extent on the 
pulse waveform. 
(77) . It has been suggested that ~n turbulent flow, 
the condition of validity of the quasi-steady state 
theory is given approximately by:-
where 
0{ ~<7.4 i 
~ = dimensionless frequency = (~2) ..... (1.30) 
In laminar conditions, Poisouillo flow is found 
at values of at below 20, while if ~ exceeds 70 the bulk of 
the liquid oscillates in plug flow with a boundary layer 
near the tube wall. 
Pulsed laminar flow is more amenable to theory 
(54) 
than turbulent flow, and Krasuk and Smith have calculated 
the improvement factor (R) as a function of two groups, 
namely, the dimensionless pulsation velocity, (Y) and 
the dimensionless pulse frequency (o(). 
The observations of the dissolution of ~-naphthol 
from the inner wall of a i-inch tube supported the theory 
(68) 
as did the earlier data of Shirotsuka and Honda 
• 
Baird 
('78) 
found the: best empirical correlation 
for R, when investigating the performance of a heat 
exchanger to be:-
--~ ~- ~-- -
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R = 0.96 + 0.0077 •••••••• (1.31) 
Rem: mean, Re in pulsed flow. 
Y: dimensionless pulsation velocity =~ 
u 
It is interesting to compare equation 
with the results obtained by Krasuk and Smith (54) on the 
investigation of the dissolution of !-naphthol from the 
wall of a i-inch diameter tube containing water in pulsed 
flow. They worked chiefly in the streamline flow regime, 
and found the ratio R to be strongly dependent on Y. 
The dimensionless group Co(), given in equation 
(1.30) was also important. They also found that the effects 
of pulsation on mass transfer became negligible in the 
turbulent flow regime, disappearing entirely at a Reynolds 
number of 11,000. This is in contra8t with equation 
{t~~~qwhich shows a greater improvement as the Reynolds 
number is increased at constant Y. 
From the practical point of view, it was concluded 
that pulsations wilr improve heat transfer in the turbulent 
flow regime, particulnrly if the flow can be made to reverse 
in direction for part of the cycle. The maximum improvement 
ratio obtained was R = 1.41 on the basis of the overall 
heat transfer coefficient, and the theoretical improvement 
in the water side coefficient was estimated to give 
R = 3~25. 
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Intensification of Diffusional Processes 
The speed at which diffusional processes take place 
depends on the rates of heat and mass transfer. Improvement 
in the rate of heat and mass transfer is achieved by 
increasing the turbulence of a stream of liquid or gas. 
In 8 turbulent flow all the constituent streams constantly 
change the speed and direction and, therefore, at any 
point within the flow of liquid or gas there exists speed 
pulsations. 
It can be assumed that artificial excitation or 
pulsations would increase the rate of heat and mass 
transfer and this has been discussed in the previous section. 
It has been established that pulsations increase the heat 
transfer coefficients and that the increase is a function 
of the product of the frequency and amplitude of 
pulsations, (I). The relationship between the heat transfer 
coefficient and the intensity of. pulsations for f~ee-flowing 
solids is given by means of emperical equations such as:-
6 -2 h = 2.2 X 10 (for Al-oxide) 
The SUblimation of naphthalene in a current of 
air at room temperature was investigated (79l and pulsations 
proved to improve the mass transfer. Also, measurements 
were made of the effect of pulsating liquid on the rate of 
dissolution of a solid body in a form of a cylinder or a 
·sphere suspended in the pulsating liquid. The following 
systems were studied:- copper SUlphate/water, aluminium 
SUlphate/water, benzoic acid/water and sodium carbonate/water. 
The stream of water was subjected to a reciprocating motion 
by means of a rubber diaphragm, actuated by a pulse 
generator. 
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The frequency of pulsations could be varied from 
o - 1800 c/min. and the amplitude from 0 - 0.3 om. 
The flow of water in the column was laminar or near 
laminar (ne < 2700). 
The mass transfer coefficient was calculated 
from the equation:-
= Wo - w 
e-
1 •••••• (1.32) 
'\t 
It was observed, that the mass transfer coefficient 
can be increased 13 fold. A rise of frequency from 0 to 
600 c/min, and of amplitude from 0 to 1.12 mm increases 
the mass transfer coefficient for benzoic acid by 330%. 
For sodium carbonate, the increase is 660%. Pulsations at 
a frequency of 700 c/min. and an amplitude of 1.5 mm., 
incneases the mass transfer coefficient for aluminium 
sulphate by 25~fo. The effect of amplitude was found to 
be less than that of frequency; a two-fold increase in 
amplitude increases the mass transfer coefficient by only 
Gas-Phase Pulsations' 
Gas or vapour-phase pUlsations seem to have a 
promise in contacting operations, provided that the increased 
pressure drop and flooding tendency can be tolerated. 
Ziolkowski and Filip (80)studied the effects of 
gas-phase pulsations on packed tower performance. Their 
first investigation.· at a constant frequency of 6.5 c/s 
showed that the scrubbing of CO2 by dilute NaOH, was 
improved threefold by pulsations, but that the gas phase 
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pressure drop was raised by the snme factor. This 
effect was attributed to wave formation on the gas-liquid 
surface due to the pulsations together with an increase in 
turbulence which acts to decrease the gas resistance. 
Tudose (81) studied the effect of pulsations on 
absorption of the system air/ammonia/water in a 1 - cm. 
externally wetted column, and obBorved rate increases 
exceeding 21~fo. He established that the total coefficient 
of absorption increases in direct proportion to amplitude 
and frequency of pulsations and that this rate increase 
has a pronounced peak at 9.3 C/Se The value of 9.3 c/s. 
was independent of the liquid flow rate and was somewhat 
lower than the calculated resonant frequency of the column 
of gas. 
Shridler et al.(82) studied the humidification of 
air in a 2.9 - cm. i.d. column in presence of sound 
(40 - 150 c/s). Frequency had a somewhat irregular 
effect on performance, with the optimum values depending 
on the air Reynolds number. The best improvement factor 
of 2.9 was obtained at a Reynolds number of 3,000, and it 
was suggested that the pulsa.tions acted as a "turbulence 
trigger". 
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1.6. The influence of Pulsations on Rectification 
In a few instances, natural pulsations in 
(83) distillation columns have been reported • These 
can only occur at high liquid and gas flow rates and 
result in an increase in the efficiency of the distillation. 
In recent years, due to the success of application 
of pulsed exttaction columns, attention has been directed 
towards finding high efficiency distillation columns and 
studying the effect of pulsation characteristic on the 
efficiency. 
McGurl (84) studied the effect of pulsing the 
vapour phase, in a sieve plnte laboratory distillation 
column. He found an optimum combination of pulse 
amplitude and frequency for any given system and that 
the higher the vapour rate, the lower the frequency 
amplitude product which causes a maximum increase in 
efficiency. It was envisaged that the causes of 
increased efficiency in plate-tray columns are the 
increased residence time of vapour in the froth, the 
continuous disruption of the boundary layers and a 
decrease in the tendency of the vapour to form channels 
in the liquid. 
(85) 
Olney discovered that by imposing forced 
pressure pulsations in a counter-current vapour/liquid 
system, the desired mass transfer between the phases is 
fnci~Ated and a closer approach to equilibrium is 
attained. Within the process limitations specified, 
it was reported, tray efficiencies increases from 4 to 
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over 30%. 
An especially large increase in efficiency was 
obtained in those tests, for example, when the pulsation 
frequency F c/sJvapour flow rate Q = cu ft/sec., and 
liquid flow rate N = cu ft/sec; had values such that:-
F ( ~ ) , 10,000 -1 sec •••••••• (1.33) 
When applied to a hydrocarbon distillation process, 
wherein larger quantities of volatile material are 
repeatedly vapourised and condensed, the forced pUlsation 
will result in even greater increases in tray efficiency. 
The process was also found particularly advantageous in 
the usual vacuum distillation process, such as employed in 
the separation of lubricating oil or residual fractions 
from crude petroleum. Such processes ordinarily involve 
relatively low liquid loadings with which the pulsations 
effect a particularly large increase in efficiency. 
Baker (86) , investigated the performance of a 
2-inch diameter packed column, under pulsating pressure. 
The method of operation in which the high and low pressure. 
were obtained was by introducing air into the column and 
exhausting it to the atmosphere through the condenser. 
They concluded th~t pulsating pressure at pulse frequencies 
of 60 c/s or less is of little value in improving 
fractionation efficiency although it may have limited 
value in simple batch distillation. 
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(87) Bratu et al. working on a rectifying packed, 
32-mm i.d. column, drew the following observations when 
applying pulsations:-
1. The axial vibration of the packing with a 
frequency of 35 HZ and amplitudes of 
0.5 - 4.0 mm., enables the enhancement of 
the separation efficiency 3~5 times as 
against the efficiency (N.T.U.) of the 
non-vibrated column. 
2. In the case of system n-heptane/toluene 
mixture, and using 4.0- mm. Raschig rings 
packing, the maximum effect of vibrations was 
in the range of medium reflux rates (boil-up 
rate), at total reflux. 
3. Within the range of high reflux rates and a 
vibration frequency of 35 HZ the maximum 
efficiency is obtained at an amplitude of 
3.5 mm. 
4. The pressure drop across the vibrated column 
is practically the same as acrOS$ the non-
vibrated column, and the flooding limit of 
the axially vibrated column is near that of 
the flooding limit of the non-vibrated column 
within the range of the investigated amplitudes 
and frequencies. 
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5. The experimentally determined increase of the 
column's efficiency due to vibration means no 
upper limit. It can be presumed that at higher 
frequencies and amplitudes, the further 
investigation may lead to the achievement of still 
higher efficiencies of the packed columns 
especially at" .higher vibrational frequencies. 
Ziolkowski and Filip 
(88) 
, working on the influence 
at 
of pulsations on the fraction~ng capacity of packed 
columns, using n-heptane/toluene mixture found that the 
efficiency, NOG' can be increased almost two-fold when 
the pulsation parameters are suitably chosen •. Increase 
in the amplitude, in a suitable range, and of the 
frequency of pulsation, has a positive influence on 
mass transfer. 
Improvement of mass transfer in the rectification 
process is closely linked with a corresponding increase 
in heat transfer between the two phases. The results 
did not show any particular optimum frequency as was 
found for pulsed wetted-wall columns (81), but an optimum 
amplitude of about 28 mm was observed. 
------ -- -
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1.7. The present work 
There has been a growing amount of research work 
done in the field of application of vibrations and 
pulsations to various chemical engineering processes. 
Studies on laboratory-scale units, have indicated 
that externally applied pulsations have beneficial 
effects on separations and rate processes.in a variety 
of disciplines e.g. absorption (81) fractional 
crystallisation (89), chemical reactions (90) and 
heat transfer (63). A significant advance in the last 
few years, has been the application of controlled cycling 
to extraction processes (93,94) and to distillation (91,92). 
Controlled cycling(9~) basically, can be described as a 
mode of operating m' counter-current stagewise mass 
transfer apparatus such that only one phase flows at 
a given time and the phases use the same interstage flow 
passages during their respective flow periods. 
The successful operation of the pulsed extraction 
columns and the substantial advantages gained by pulsations, 
prompted the application of the principle to distillation. 
Preliminary investigations(95) carried out, have shown 
that the efficiency of a wetted-wall column can be improved 
by subjecting the liquid and the vapour phases to a 
rapidly oscillating pressure. This attempt has resulted 
in an increased efficiency of the order of 50%, expressed 
in terms of theoretical plates. It seemed possible that 
the resistance to mass transfer could be decreased without 
a corresponding decrease in the residence time in the 
column, by the application of pulsations. 
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The main purpose of this work was to investigate 
the performance of wetted-wall, pulsed distillntion columns 
with the following goals in mind: 
(a) To determinel degree of enhancement and 
advantages attained by the application of 
pulsations relative to conventional operation. 
(b) Determine the effect of intensity of pulsations, on 
the performance of three wetted-wall columns. 
The intensity of pulsations is the parameter 
relating to magnitude of the frequency and 
amplitude of pulsations. 
(c) Attempt to understand and propose, whenever 
possible, the mechanism of pulsed rectification 
on the basis of experimental results. 
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SECTION TWO 
2.1. EXPERIMENTAL EQUIPMENT 
2.1.1. Selection of the Experimental Column 
In evaluating and selecting rectification equipment, 
there are two considerations of prime importance, namely: 
the size of the apparatus required to effect a given 
separation, and the pressure drop undergone by the vapour 
in passing through the apparatus. Pressure drop is of 
particular importance in vrrcuum distillation because the 
increase in the pressure down the column may cause the 
boiling point of the liquid in the still to be higher than 
desirable. 
By far the most widely used rectificntion device 
is the bubble-cap plate column. The size of the apparatus 
required is usunlly reasonable. The pressure drop i~ 
such columns, however, is rather high, and the construction 
involved is rather expensive. 
The packed column has been popular in laboratory 
and in small scale industrinl use because of its simplicity 
and relatively 10\'1 pressure drop. However, few large 
di~_meter packed columns are in commercial use today 
because of inherent difficulties in maintaining uniform 
distribution of reflux and also because much more needs 
to be done in developing satisfactory relationships for 
use in the design of such columns. The many vnTiables 
involved such as packing type and size, rates of flow 
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of liquid and vapour and nature and concentrations of 
materia~ fractionated made evaluation difficult and 
perhaps have discouraged more extensive investigations. 
In packed columns experience has shown that channelling 
of liquid often occurs and that the actual surface area 
available for mass transfer is variant and cannot be 
estimated with precision. 
Investigators have used wetted-wall columns in 
which the surface of contact is that of a film of liquid 
flowing down the wall of a tube, vapour passing up through 
the tube with rectification taking place at the interface. 
In such columns the interfacial area is constant as long as 
the tube wall is completely wet and uniform and because of 
the thin film involved, this area is very nearly equal to 
that of the tube surface itself. The results obtained 
with these columns have been most useful in checking the 
various theoretical ~elationships which have been advanced 
for interphase transport. A typical wetted-wall column, 
designed to operate at total reflux is shown schematically 
in Figure (2.1). The transfer section consists of a 
vertical tube A, usually about 1-2 in. diameter and up to 
6 ft. in length made either of glass or copper pipe fitted 
with sampling lines to allow for removal of samples from the 
liquid film along the length of the column, as well as 
the liquid reflux line (sampler ST) and the liquid removal 
chamber (SB). 
Liquid reflux is heated to near the boi~ng point 
by contact with the rising vapour on a bubble-cap, metered 
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through a rotameter and introduced on to a wetted-wall 
section over a knife-edge, and removed at the bottom by 
means of a rounded-bell mouth. The calming sections 
should be at least 2 ft. long to ensure that the vapour 
and liquid flow has become steady and uniform before it 
enters the transfer section A. A reboiler, R and a condenser 
e, mhst of course be provided for the supply of vapour and 
reflux respectively to the column. All vapour lines must 
be heated electrically and lagged to prevent vapour 
condensation and the wetted-wall section must be sufficiently 
insulated to achieve close adiabatic conditions. The 
assumption is made that the nature of the distillation 
process in a wetted-wall column is the same as that of 
a packed column and that t he transfer mechanism should 
not be different. 
A wetted-wall column was selected in this study 
in favour of other distillation columns, was decided mainly 
on the basis of the following characteristics:-
(i) 
(ii) 
(iii) 
Uniform liquid distribution throughout its length. 
The degree of dampening the pressure-pulse signal 
is low as compared wo other columns. 
The flow of the two phases in a wetted-wall 
column is much less disturbed than in a packed 
column, apart from the formation of ripples 
on the surface of the liquid film. 
(iv) More flexible operation and low pressure drop 
and hydraulic resistance. 
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(v) Surface area of contact between the two phases 
is more easily determined. 
2.1.2. General description of Apparatus 
The column used in this investigation was of the 
wetted-wall, batch type, formerly used as a packed column 
and suitably modified to meet the requirements of this 
study. The wetted-wall column, due to its simplicity is 
often used in laboratory work mainly because the contnct 
area between the interncting phases can be estimated. 
Another advantage is the possibility of maintaining an 
approximately constant temperature of the liquid reflux 
by henting the rectifying tube from the outside jacket 
and thus achieving approximate adiabatic conditions in 
the system. 
The column assembly is shown dir.cr~rnticnli1 
in Figure (2.2) and Plates 1-3 represent the outside view 
of the different parts of the column with the ancillary 
equipment for producing and measuring pulsations of the 
vapour phase. 
The column assembly consists of the following 
parts:-
2.1.3. Rectificntion Column: 
This is the body proper and can be divided into two 
sections:-
~ . 
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2.1.30.. Top Section 
This is about 17.625 ins. long and of inside 
diameter of 2t" tube made of copper. The section is 
enclosed with an M.S. jacket which is seal welded on a 
collar of 12-in. in diameter. This section is fitted 
with pyrotenax heating wire 14-feet long. A provision 
for a thermocouple well made of S.S. tube of t-ins o.d. 
is allowed and located flush with the inside wall of the 
column for temperature recording. 
2.1.3~ Bottom Section 
This is made of similnr fabrication as the top 
section. It is about 42.375 ins. long and of 2t-in. i.d. 
copper tube. As above, it is enclosed with an M.S. jacket 
which is seal welded to a collar at both ends. This 
section is fitted with three thermocouple assemblies 
which ore 9-ins. apart along the section and also 
provided with compensating heating element. 
Both sections of the column are joined together by 
means of a 5/8" thick flanges provided at each end of 
both sections. 
The entire column was insulated using 1-in. asbestos 
rope and fibreglass lagging. When the actual column was 
installed, it was lined up nrv:rtica1lY as possible by 
means of a plumb bob and levils;> 
\' 
ii 
I 
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PLATE 1 PULSED DISTILLATION COLUMN SHOWING REBOILER 
Z <!! I~ 68 
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It was desired to study the effect of va rying the 
surface/volume r atio of conta ct between liquid reflux and 
the vapour, using the same column, in order to establish 
the influence of pulsations on this parameter. Three brass 
tubes 62 inches long and of diameters 1, 1t and 2-in were made~ 
Ea ch individua l t~be wa s sealed a t both ends and wa s 
inserted conc entrically inside the column leaving an 
annulus for the vapour to pass through. A set of three 
fins were welded around the perimeter of each tube at 
both ends to ensure centra l alignment inside the column. 
Table (2.1) shows the principa l physica l 
dimensions for the t hree columns used in the experimenta l 
study. 
TABLE 2.1. 
Dimensions of Colum~ useJ in thi~ investi~ntian 
-
i I I I I " Tube Size Cross- Volume of Wetted Equiva l ent 
(ins) Sectiona l . free space t.rea/V 01 ume Diameter 
Ar ea of (cu.cm) ,V Ra tio de, (cm) 
Annulus, a (sq.cm), I\. (cm-I) 
, 
- -
I 
1 20.6 311+0 1.26 3. U~ 
1t 14.25 2180 2.1 l. 1 
2 5.470 i 835 
I 
6.3 " . 6 5 
1 I , I J , 
Hei ght of column 5-ft. 
Diameter of Outer Tube 2.25-ins. 
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PLATE 2 EXPERIMENTAL WETTED-WALL COLUMN 

The data in Table (2.1) were calculated on the assumption that both the inner 
and outer tubes were wetted. The equivalent diameter (de) values t'lere calcu-
lated using the follot'ling definition:- . 
de = J} rH = J~ x A = D - d. 
P 
where:-
rH = hydraulic radiusjcm. 
A = annul~r cross-sectional area of columnj sq. cm. 
D = diameter of outer tube; cm. 
do = diameter of inner tubej cm. 
P = \'letted perimeter; cm. 
The Reynolds number of the vapour (Rev) was estimated using the expression:-
Rev = f 1f (D - do) 
/ 
where:-
E = vapour~~ensit~ = 0.003?2 gm/c.c.; (p.95) 
/4 = vapourvu;cosity=0.00SlJ.5 cP. 
~ = velocity of vapour, cm/sec 
Table(2.lA)gives data of the columns assuming only the outer tube is wetted. 
TABLE (2.lA) 
----------,----------;-----,--------------
Tube Size \Vetted Area!yp1ume Equivalent Diameter 
Iinsl _____ +_ Ratio 'a' (cm"), ____ . __ 1 _______ d_e..:..'-.-:..( c_m..:..)~. __ _ 
l' 0.87 4.6 
l~ 1. 26· 3.18 
. 2 3.28 1.22 
Sample Calculation 
for the lY' inner tube column, a sample calculation is given:-
i. wetted area/volume Ratio, 'a': ' 
i1. 
Hi. 
a = 7\ (D+do)L = 7\(2.25+1.5)x2.51~ (L = height of cOlumn) =7fx 3.75 x 2.51~ = 
AxL 14.25 14.25 
de = l~ x A = 4 x 14.25 
n--T(D-+-d'-o-'-) 7\ x 3.75 x 2.54 
11e = P v (D - d) 
v ~ 
Choosing Run BP-2, page (131); 
1r = 25 cm/sec, 
and, Re = 0.00302 x 25 x 1.91 = 1702.10 
v 
0.00845 x 10-2 
= 1.91 cm. 
I 
i 
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2.1.4. Condenser: 
This is a water jnckot,d condenser made of mild 
steel. The diameter of the inner tube, made of copper, fs 
2.25-ins. and the length of the total condenser including 
the end flanges is approximately 3 feet. Water from the 
supply flows through a rotameter and into the jacket of 
the condenser through i-in. i.d. P.V.C. tubing. The 
condenser is erected on top of the top section of the 
rectification. columh. 
Reboiler: 
For a column of this type add throughput, it was 
decided to use a Q.V.F. tube of 2-feet long and 3-in. i.d. 
to perform as a reboiler and capable of holding a batch of 
mixture of about 3 litres. This was heated electrically by 
means of 1200 W, 1-in. wide, 24-feet long, Electrothermal 
heating tape, wound externally. The power input can be 
varied and regulated using a variac. 
The reboiler was heavily lagged with 1-in. o.d. 
asbestos rope and fibreglass. A Q.V.F. drain valve was 
fitted near the lower end of the reboiler for use when 
changing the bat1dl mixture in the column. Plate I shows 
an outside view of this part of the column. 
2.1.6. Sampling Points: 
An M.S. flange (take-off flange) was designed and 
fabricated as shown in Figure (2.3J in order to allow the 
flow of liquid reflux from the inside wall of the condenser 
to be distributed uniformly after being condensed, and to 
6" deep x i" 
I."-~ 
~~ . ~ 
l"". ~:. 
, 
! 
.. ~' .... :r' 
" 
"- , 
" 
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- 6Q '-.... 
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wet the inner wall of the outside copper tube of the column. 
This was located between the condenser and the top section 
of the column. Top product samples were taken off by 
means of a valve connecting a lIB-in. o.d. S.s. tube 
penetrating through one point at the periphery of the 
flange. The length and size of this tube carrying the 
condensate to the valve of the sampling line was made 
small(about 2-cm), in order to minimise the stagnant 
liquid hold-up and also not to disturb equi1ibrium when 
sampling during a run. 
The bottom products were sampled by using a reflux 
meter shown in Figure (2.4) positioned between the bottom 
flange of the bottom section of the column and the 
reboiler. This device is essentially an annulus in which 
vapour flows up the" inner tube. This inner tube is covered 
with a dome which prevents the returning reflux from 
running down the tube. The reflux runs down the outer 
tube. This tube is closed at the bottom except for one 
line which leads to a three-way stopcock. The stopcock 
may be turned to allow thb reflux to go directly into 
the reboiler, or it may be turned to allow the returning 
reflUX to be removed for analysis. The third position of 
the stopcock will allow the ascending vapour to be removed. 
It is possible to close the stopcock completely by using 
')'Iter 
an ~mmediate position. When in this position, the 
returning reflux collects in the outer tube of the 
annulus. This outer tube has a calibration mark of 100 ml. 
above the stopcock. This allows the reflux rate to be 
measured by closing the stopcock and determining the time 
it takes for 50 ml. of reflux to collect. This device of 
..... _. 
, ' 
'. , 
11. -
4 holes 1/4" dia 
--1---1-----
Figure 2.4. 
Reflux rate measurement 
Haterial: Glass 
(N.T.S.) 
" 
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measuring the reflux rate was initially calibrated and 
checked for accuracy of measurement before experimentation. 
Temperature measurements 
It was considered necessary to determine· the 
temperature inside the jacket of the column in order to 
keep as adiabatic conditions as possible in the rectification 
column. 
Measurement was achieved by using three Copper-
ConstantanthQrooc~up~cs.The thermocouples were brazed at 
the joint individually, insulated and calibrated against 
mercury thermometers. They were inserted in 3 wells along 
the column spaced about 9-ins apart and connected to a 
recorder instrument (mul.tipoint) to read directl.y in °F~ 
The control of the jacket temperature was achieved 
simply by means of a variac connected to the 'compensating 
heating elements located in.the jacket in series. 
Better control of the heating jacket temperature in 
accordance with that inside the column was not considered 
to be necessary in this study, although preferable in 
order to achieve adiabatic conditions. 
2..2.. ~tional. Apparatus 
2..2.1. Pulse Generatiom 
Pulse generators have generally been built to provide 
what is essentially a Sine wave pulse action; but some 
workers have found significant increase in mass transfer 
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or tower throughput by applying other pulse wave shapes 
approaching, for instance, a saw-tooth or square shape. 
However, it is not yet clear that such advantages will 
lead to a~y significant over-all economic savings over 
near sine-wave operation, and advantages, if a~, need 
to be investigated further. 
The subject of pulse-generation methods lias been 
described in the literature. Thornton(96) gives n 
description of three methods of pulsing an extraction 
column namely, mechanical (piston), air-pulsed and the 
electronically-pulsed techniques. Each of the above 
has got a certain advantage in different applications. 
Wuch nnd Knight (97)presented the necessary 
differential equations for the design of air pulsers 
and gave methods of their solution by numerical means. 
The solution requires the use of a digital computer. 
Baird (98)described a self-triggered resonant pulsing 
technique which he designnted as 'water-blow pulsations'. 
This techniq~e, unlike the previous methods, dispenses 
with electrical devices and mechanical moving parts and 
thus minimising on the maintenance aspect of pulsing 
arrangement. 
In this investigation a mechanical pulsntor was 
chosen. Pulsating air pressure is generated from the 
reciprocating movement of pistons in the two cylinders 
of a car engine, from which the valve mechanism has been 
isolated. The engine was driven through a pulley 
arrangement of a suitable diameter ratio, by a 3.5 H~P. 
PLATE 3 MECHANICAL PULSE GENERATOR 

--------~~~~~~- -----------
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Kopp 3-phase motor. The speed of the motor cnn be varied 
by means of an integrated, variator, and hence the 
frequency of the generated pulsating pressure from the 
engine can be varied over a suitable operating range 
0-25 c/se It was decided, after initial trials, not to 
exceed a frequency of 22 cls due to excessive vibration 
of the structure and noise. 
The pulsnting pressure was transmitted to the 
column by placing a rubber diaphragm between 2 Q.V.F. 
bell-shaped 9-in. diameter adaptors, and secured at the 
far cnd of the condenser. A vent valve was fitted 
through a T-piece on top of the condenser for use when 
working at atmospheric pressure and without pulsations. 
It was observed that the motion of the pulser (piston) 
was approximately sinusoidal, especially at Dow 
pulsations, as displayed on the screen of an oscilloscope. 
Method of measuring the pulse amplitude and 
frequency is described later in (2.2.3) and plate (3) 
shows the general arrangement used for the pulsations 
and measurement with ancillary units. 
2.2.2. Pressure Transducer 
A S.E. 75/6 0-5 p.s.i. transducer was used to 
detect the pressure pulsations in the rectification column. 
This is of the flash-diaphragm type, having a high, 
long-term, temperature stability. 
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The instrument simply consists of a balanced 
bridge of inductnnce fed from a 3 Kc/s. oscillator. 
Mechanic~l input to the transducer, (pressure fluctuations), 
causes the bridge to unbnlance, and the bridge output is a 
measure of the unbalance produced. The output from the 
bridge is amplified and demodulated to produce an 
electrical signal proportional to and in phase with the 
mechanical signal npplied to the transducer. 
The basic units of the system are:-
(a) The transducer bridge. 
(b) A stabilised oscillator. 
(c) A balancing circuit for the transducer bridge. 
(d) An A.C. amplifier to increase the A.C. output 
voltage from the transducer bridge. 
(ej A phase sensitive demodulator to rectify the 
7 amplifier output. 
(f) A low pass filter network to remove the carrier 
frequency components from the rectified output. 
(g) A continuous recording instrument, a cathode ray 
oscilloscope, projecting the resultant signal on 
a screen. 
Before using the transducer, it was necessary to 
perform the calibration against a range of known pressures. 
A clean mercury manometer was used by means which readings 
within 0.1 cm. H: was possible. The resulting voltage g 
(m.V.) of the signal was read on the screen of the 
oscilloscope and noted. The resulting chart is shown 
r---------------- -- ----
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in Figure (2.5.) and Plate ~)shows the location of the 
transducer in the experimental column. 
2.2.3. Measurement of Pulsation 
Parameters 
The frequency of pulsations was conveniently 
determined from the speed of the shaft of the engine 
by means of a portable tachometer. The amplitude of 
pulsations was simply vnricq over a suitable working 
range by throttling the pulsed air between the pistons 
and the diaphragm through a side valve situated at one 
end of a manifold connecting the engine and the top of 
the column. The v~lu~ of the amplitude can be estimated 
by rending off the peak-to-peak height of the sine wave 
form signal in (m.V.)" diaplayed on the oscilloscope and 
intel"preted in terms of pressure in (cm. H ). g 
The pressure variation in the column was detected 
by a pressure tran~ucer, placed at a point midway along 
the length of the column and thus depioting an overall 
effect of the imposed pulsations. The signal being 
measured on the screen of the oscillosoope was converted 
to pressure by using a suitably prepared ohart obtained by 
cnlibration of the instrument against a clean mercury 
manometer and reproduced in Figure (2.5) 
300 
250 
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Figure 2.5. 
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A double beam Oscilloscope (Solartron) was used to 
measure the amplitude of the pressure wave. The 
uncalibrated shift controls of the channel was adjusted 
until the bottom of the waveform coincided with n 
horizontal graticule line on the illuminated 8 x 8 cms. 
screen. The calibrated Y shift control was advanced until 
the top of the waveform coincides with the same graticule 
line. The setting on the scale of the Cal. Y shift control 
indicates the ~~_to_yeak amplitude of the signal. The 
sensitivity range of this instrument is 3mV/cm to 100V!cm. 
and the accuracy is reported by the manufacturers to be 
± ~fo on all ranges. 
Plate (3) shows the layout of the pulse generating 
equipment with the ancillary measuring instruments. 
2.2.4. Subsequent Development of Apparatus. 
When the column was first put into operation, the 
reboiler was heated externally by a 800 watts heating tape, 
but this was soon found to be inadequate and was replaced 
by an Electrothermal tape of 24-ft. and 1-in. wide and rated 
at 1200 watts. Difficulty was still encountered due to 
local superheating during the warming-up period and evidenced 
by production ef occasional large bubbles of vapour, which 
when bursting at the surface, would produce a 'suction 
effect' of part of the liquid up thecolumn. This was 
pa~y remedied by surrounding the reboiler with two layers 
of silver paper nnd later introducing porous pot in the 
still in order to promote regular ebullition. The whole 
reboiler was insulated externally with fibreglass and 1-in. 
o.d. asbestos cord. 
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Slight modification was performed at the top 
sampling point. It was necessary to drain almost 3 c.c. 
of sample to be sure that the liquid was actually the 
reflux which was being formed nt the time. The removal 
of this amount of sample caused a change in the composition 
at the top of the column nnd because of this, reproducible 
results were difficult. The sampling arrangement was 
slightly modified by reducing the length of tube between 
the sampling point and the take-off flange from which 
liquid reflux was being collected and made to flow down 
the column. The sampling valve was also replaced by a 
smaller one. 
Pulsations were initially produced using a 
3-phnse motor driving the engine via suitably sized 
pulleys, but this was later found unsuitable for the load 
in order to produce high frequency of pulsations, (above 
20 c/s). This motor was replaced by a Kopp 3-phase 
3.5 R.P. motor equipped with a variator by which a 
frequency of up to 25 cls was produced, above which 
excessive vibration resulted and therefore it was decided 
to limit the range of working frequency below this value. 
It was also observed, that after a period of running 
the pulse generating unit, fine drops of oil carried away 
from the sump of the engine were being collected via the 
manifold and the connecting P.V.C. 1-in. diameter line on 
top of the diaphragm. This was minimised by introducing 
some filtering medium supported by a gauze-disc in the 
manifold. The column was checked for leaks regularly to 
ensure against any extrnneoua vibration produced, 
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and all connections and flanges made air-tight by introducing 
P.T.F.E. gaskets between them. 
2.3. THE BINARY SYSTEH 
2.3.10. Selection of a Test Mixture 
A binary mixture was chosen from the two components, 
toluene and methylcyclohexane, obtained commercially in a 
fairly pure condition. Data relating to the physio-chemical 
properties of the two components are given in Table (2.2.) 
The selection of this sytem in this investigation, 
was dictated primarily by the relatively great differences 
in the refractive indices of the components which permitted 
using a simple and accurate method for their analysis. 
Furthermore, as is evident from the equilibrium diagram, 
Figure (2.6) for this system, the change in liquid 
composition corresponding to one theoretical plate is 
rather large in the range of concentration used in this 
study, so that it was possible to achieve good precision 
in the determination of N.T.P. or (N.T.U.). 
The binary system of methYlcyclohexane-toluene has 
been reported as nonideal and non-azeotropic (99) (100). 
It was reported also that this system was useful if the 
efficiency of the column to be tested is not expected to 
exceed 30 theoretical plates. The refractive index is a 
convenient and quick method of composition determination 
for this system and a chart of refractive index-composition 
o has been prepared at 20 C and represented in Figure (2.8.). 
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The relative volatility (1.3) , as estimated within the 
working range was large enough for relative ease of 
separation and the materials 1tu. , ret1d1ly G.vnit~l;r\) in 
high purity and low cost. 
2.3.1b Method of Analysis 
The two components were purified in a laboratory 
packed distillation column and mixtures of methylcyclohexane 
and toluene were prepared in the range of 5- to 9~fo (wt%) 
and were analysed by measurement of their refractive index 
at 20 : 0.2oC using a Pulfrich Refractometer. This instrument 
+ is accurate up to - 0.0002 units and the temperature was kept 
constant using a thermostat fitted with a contact thermometer •. 
An accuracy of between 0.10-0.15% (mole) is expected from 
this procedure. 
h refractive index/composition (mole fraction) chart 
at 200 C was prepared as shown in Figure (2.8) which was 
later used for analysis of samples during the experimental 
runs. There is a reasonably fair agreement between the 
results given elsewhere (10?}or the refractive index/ 
composition diagram for this system and the values determined 
in this laboratory, although these are dependent on the 
purity of the original components obtained and used for the 
determination. 
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Physical Properties of the Binary Mixture 
Vapour - Liquid Equilibrium Data 
Vapour - liquid equilibrium data, at atmospheric 
pressure for this system was consulted from the literature. 
The data used in this study was taken from Krell's Handbook 
i 
(101), Other reported data for this system (100), compared ( 
well with the data used in this study and also the \ 
equilibrium data have been checked for thermodynamic 
consistency by Thiefsen(102) 
The equilibrium curve at 760 mm. Hg. is plotted 
in Figure C2.6.) and Table (2.4.) represents a sumco.ry 
of the more important data relevant to this binary 
mixture. It is of interest to mention that the vapour 
pressure of methylcyclohexane can be expressed by:-
loge P = 7.3476 - 1670.7/T ...... (2.1.) 
cnd for toluene ne:-
loge P = 7.5635 - 1796.9/T •••••• ('2.2. ) 
where: T' 0 = temperature K. 
P = pressure mm. Hg. 
The values of the consto.nts were found from the 
Circulnr of Nation~l Bureau of Sto.ndards 
• 
(b) DenSity! L 
Liquid densities of M.C.H~ nnd toluene for 0. range 
of tempero.tures required for co.lculnting boil-up rates and 
Schmidt numbers were taken from the data given by 
Timmermans (103~' Mixture densities were assumed to be the 
molar average of the pure component values. As no volume 
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cha.nge occurred on mixing the two components, the densfties 
of mixtures were c~lcul~ted from the expression: 
\olhere: 
M IM 
av/ . B 
/ 
•••••••• (2.3.) 
(t:. 
\ A, 
;":> I B = densities of pure two components. 
= molecul~r weights of the components. 
M 
av. 
= a.verage molecular weight of the mixture 
x" ,xB H = mole fra.ctions. 
Vapour Density, f~ v 
Vapour densities of the pure components were 
calculated by usine the ideal gas laws at the established 
column temperature and preseure. Values for intermediate 
concentrations were evolunted using the molecula.r weight 
of the mixture cnd the corresponding condensation temperatures. 
(c) Viscosity 
Liquid Vis~ity: 
Viscosities at va.rious temperature were obtained 
.. (104) from the charts prov1ded by Dr1ckamer and Bradford 
The pure components viscosities were estimated from 
(105) 
Bromley and ~Jilke' s equation • 
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Vapour Viscosity 
Vapour mixture viscoeities were calculated from the 
pure component values by the method of Wilke C10~iven by:-
n = 'll J\ llB ••••••• (2~4.) G xi. + EAB .... 1 +- 1 + xJ\ t-BA xB 
xB 
where: 
and 1ft,. A t 'n J~ lB = viscositiee of pure components 
MJ• MB • molecular weights 
XA' xB = mole fractions. 
(d) Diffusion Coefficient 
~iguid diffusivity, DL 
Liquid diffusivities for dilute solutions of M.C.H. 
and toluene were determined by the method of Wilke and 
Chang (106)given by:-
= 7.4 x 10-8 ••••••• ('2.5.) 
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where subscripts, 1 and 2, indicate solute and solvent 
respectively, V1 is the molecular volume of the solute at 
its boiling point, M2 is the M.W. of the solvent, and 
lt2 is the viscosity of the solvent. 
Diffusivities for concentrated solutions can be 
calculated'by:-
T 
+ •••••••• (2.6.) 
T 
Diffusivities at different temperatures can be 
obtained by using:-
= a const. •••••••• (!2.7). 
T' 
Vapour diffusivity, DG 
Vapour diffusivity for M.C.H. add toluene system 
were predicted by the Gilliland equation as follows:-
= 
// 
l 0.0043 T 1.5 
: p(V j" v' 1 
'\ 1 + 2"'5 
":" 
••••••• (2.8.) 
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where:- T = absolute temperature (oK) 
p = total pressure (atm. ) 
M = molecular weight. 
V = molal volume. 
(e) Kinematic Viscosity,,, L t VG t 
The values of kinematic viscosity for liquid and 
vapour were calculated from the values of density and 
viscosity. 
(f) Refractive index, ~ ~O 
The values of the refractive index for the binary 
mixture for various compositions at 200 C have been 
obtained experimentally and reproduced in Figure (2.7.). 
(g) Boiling point temperatures, 
The boiling point temperatures of the system 
methylcyclohexane-toluene were taken from Krells 
("101) 
Handbook • 
The boiling point temperature and the condensation 
temperatures for the system were plotted in Figure (2.9.). 
(h) Relative "yolatility, et.. 
The volntility, V, of a liquid in a mixture is 
defined ns the ratio of its partial pressure to the liquid 
composition i.e.:-
'. 
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•••••••• (:2.10.) 
The variation of the relative volatility with 
composition is shown in Figure (2.7). 
1 Number of Transfer Units, NOG 
The ~umber of overall transfer units, NOG' is 
defined by the equation:-
t\ 
NOG 
~ YT 
= { 
l 
" 
J: YB 
This cnn be written 
rYT 
NOG = \ 
I 
Jyo 
d 
...1. 
Y -Y e 
as:-
d y 
Y -e Y 
f'" t YB 
- , 
J J.Y Yo 
•••••••• (2.11.) 
d 
Y 
y - y e 
••• (2.12) 
which allows for the determination of any value of NOG 
from n single graphical integration over practically the 
whole composition range. This is shown in Figure (2.10).° 
for the system under study. 
All other physical properties could be determined 
for the mixture from the values obtained for pure components 
by the equation:-
•••••• (2.13) 
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where:-
x1 , x2 = mole fraction of components 1 and 2. 
Z1' Z2 = a specific physical property of pure components. 
ZM = physical property of the mixture. 
Table (2.3.) represents the values of the physical 
properties of M.C.H./toluene binary mixture in the range 
of the experimental conditions. 
TABLE 2.2. 
Physical Properties of the pure Componcnto 
I Property ! M.C.H. 0 Toluene I i 
formula C7H14 C2HS J 
I 
t 
I Holecular Weight 98.2 92.1 1 , 
density, g/cm3 
@ 25°C 
0.76501 0.8625 
B. pt. @ 100.8 110.7 
760 mm Hg. 
Refractive Index 1.4240. 1.4206b 1.4938a 1.494b 
I\. D20 i 
I I 
Heat 'vaporization , I i I 
1177•28 I RV, Btu/lb. 154.83 @ 250 C • 
@ B.pt. 138.9' h56.2 I 
, 
i-I I , I r 0 I . . \ Vl.SCOSl.ty @ 20 C cP., 0.66 0.568 
n: denotes experimentnl values 
b: denotes literature values 
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~E 2.3. 
Physical Properties of M.C.H./Toluene Binary Mixture 
at Operating Conditions. 
r
-----·------, ; 
i M.C.H./Toluene 
Property I atm. pressure: 760mm H 
o g 
A verage Temperature: - 10'6 c 
~ 
i Liquid density, gm/c.e. 
t 
; t Vapour density, gm/e.c. 
t f Liquid viseosi ty ~ cp. 
I V "t t apour V1seOS1 y, ep. 
, j Liquid Schmidt number 
f (S ) 
; c L 
I 
: Vapour Schmidt number ! 
I 
I (S ) c G I 
-I 
0.7540 
0.00302 
0.2676 
0.0084!5 
3.69 x 
4.51 x 
96.2 
0.621 
. . . -
10-5 
10~2 
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TABLE (2.4.) 
Test Mixture Methylcyclohexane/Toluene 
Data 
. i I i Mol'e fraction Mole fraction, B.Pt. R.I, I De~2ot1 H.C.H. H.e.H., Vapour °C/760 20 
Liquid 
Reported I Caled. mm.Ht; l'D I r I ' , I 
0.00 110.600 1.4965 0.8661 I 0.00 ••• I 
0.05 0.075 0.076 109.55 1.4916 0.8596 
0.10 0.143 0.146 108.55 1.4871 0.8535 
0.15 0.210 0.213 107.65 1.4825 0.8479 
0.20 0.270 0.273 106.90 1.4782 0.8422 
0.25 0.326 0.330 106.20 1.4740 0.8367 
0.30 0.378 0.379 105.60 1.4699 0.8313 
0.35 0.424 0.426 105.00 1.4660 0.8260 
0.40 0.470 0.473 104.50 1.4620 0.8208 t 
0.45 0.515 0.519 104.00 1.4582 0.8156 
0.50 0.560 0.564 103.55 1.4544 0.8107 
0.55 0.604 0.608 103.15 1.4509 0.8060 
0.60 0.650 0.654 102.75 1.4474 0.8014 
0.65 0.694 0.697 102.45 1.4440 i 0.7970 
t 
, 
0.70 0.737 0.738 102.15 1.4408 ! 0.7928 , 
0.778 0.778 1.4376 I 0.75 101.90 10.7888 
I 
0.80 0.818 0.820 101.65 1.4345 0.7848 
0.85 0.860 0.863 101.40 1.4315 i 0.7807 
0.906 11.4286 i 0.90 0.909 101.20 10.7767 ! 
I I 
0.95 0.954 0.955 101.00 t1.4260 10.7730 t 
1.00 1.00 ••• 100.85 1104235 i 0.7694 , 
I , 
! , 
! ; 
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2.4. Experimentnl Procedure 
2.4.1. Hethod of Operation 
The column w~s designed to operate under total reflux 
conditions. This was adopted because in a batch type 
distillation column, steady state could be' attained only at 
total reflux and also this simplified the calculations 
greatly. Beforrebeginning a series of runs, the still 
was charged with about 2 litres of mixture of methylcyclo-
hexane/toluene of a known composition (about 40 mole % 
M.C.H.). The equipment was started by switching on the 
heating of the reboiler and the jacket surrounding the 
column. Cooling water flO\dng into the condenser was 
adjusted at a rate of 30 galls/hr. approximately and also 
the boil-up rate was adjusted using the variac. 
Preliminary runs in this column indicated that steady 
state conditions were renched after about 2i hrs. and 
sufficient time wms allowed for each run, about 3 hrs., 
before product withdrawal was started. After the column 
had reached steady-state conditions, samples were drawn 
from the column from the top and bottom in pre-cooled 
sample bottles. The method of sampling adopted throughout 
was to draw a small liquid sample (about 2 c.c.) from the 
base first and then from the top, because while the top 
sample is being withdrawn, no or very little reflux flows 
down the column and the equilibrium would be disturbed. 
Also, it was thought desirable to withdraw samples at slow 
rate so as not to disturb the composition and to obtain 
reproducible results. Two samples were taken, and if 
+ their relative indices differed by more than,- 0.0002, 
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more time was allowed for equilibrium to be established 
and other samples were withdrawn until this criterion was 
reached on two consecutive samples. 
Measurements were made of the load of the column 
,dth liquid by noting the time, by means of a. stop watch, 
necessary to fill n volume of 30 c.c. of reflux through a 
stop-cock incorporated with the reflux meter as described 
previously in Section (2.1.6.). 
The samples for analysis were always tnkeh before 
the control measurement of the load in order to avoid 
possible error resulting from disturbance of the interphase 
equilibrium. The residue samples were not withdrawn from the 
reboiler, but from the base of the column (above the 
reboiler), since errors might have been introduced due to 
concentration gradients, and also to avoid making any 
assumptions about the type and operation of the reboiler. 
The method of operating the column under pUlsation 
of the gas phase was, as above, except that the pulsing unit, 
previously set for the desired amplitude and frequency, was 
switched on and after allowing sufficient period for 
equilibrium conditions to be attained, withdrawal of 
samples from the top and the base of the column was 
conducted as in the series of runs without pUlsations. 
Tn each series of tests, side by side with the 
pulsation experiments, one comparative measurement was 
made "tithout pulsation, at the same or almost the snme 
loading of the column. 
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2.4.2. Efficiency. Determinations 
2.4.20. E~uilibrium Time 
At the beginning of any fractional distillation, 
it is necessary for the column to run for some period 
under total reflux conditions before attempting to withdraw 
samples of product for analysis, in order that the 
essential concentration gradient may be bui1t up and a 
steady-state reached. 
Coulson (108~ gives the following equation for 
estimation of the equilibrium time necessary, TE:-
-X-..o::
s 
f-cJ.,/-t-~ -+ -~---1 )-X-s}-_ -1 J) x 
'-
[ 00g10 (1 + (",n - 1)«X~[1 + (ot - 1l Xs] ) 
111og10 eX. 
•••••••••••• (z .. 14)' 
and as it can be seen TE is proportional to the holdup 
(H), inversely proportional to the boil-up rate, V and the 
number of theoretical plates (n), and the concentration 
of the more volatile component in the still (x
s
) at 
equilibrium and at total reflux. As a rough guide, however, 
it was suggested that in most cases, an equilibration tine 
amounting to between 1 and 1i liours for every 10 theoretical 
plates is necessary. 
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The method used here is to run the column for a 
sufficient period as to establish steady state conditions, 
about 3 hours as determined from preliminary runs when it 
was observed that no change in the composition of the top 
sample product occurred after this period. A typical 
run showing an estimate of the time required to reach 
constant composition of the product at the top of the 
column is shown in Figure (2.11.) when pulsations are 
applied. As follows from the course of the curve, the 
operating cond1tions are taken to be stabilized after 
about 2 hours, and this method is adopted for other 
experimental runs under different operating conditions. 
The superficial column vapour velocity at the base of 
the column was calculated from the liquid reflux rate, 
column temperature near the bottom of the column, the 
liquid density, M.W. of the binary mixture, the cross-
sectional area of the annulus and the reflux composition. 
A better estimation would be if the relative 
gas velocity was taken relative to an effective liquid 
surface velocity vl as given by:_ 
when v is the gas velocity, i.e. the volumetric flow rate g 
divided by the cross-section and corrected for the volume 
occupied by the liquid film on the tube wall. 
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Determination of P1ate/N.T.U. Equivalence 
To obtain a quantitative estimation of the 
performance of the wetted-wall column under study, 
the concepts of theoretical plates and transfer units 
have been used. These have been adequately described 
in texts and in the original article by Chilton and 
Colburn (109) 
Two methods have been used for the determination 
of the efficiency:-
i) Graphical 
(110)' The method of McCabe-Thiele waa used to 
determine the number of theoretical plates at total 
reflux. A chart of refractive index versus number of 
theoretical plates was prepared for use with this system 
at 760 mm. Hg pressure, This is shown in Figure (2.12.) 
and was expanded to ensure greater accuracy in determining 
the number of stages. 
~nother method was to use the number of transfer 
units, NOG' as calculated by the familiar Chi1ton-Colburn 
equation (2.11.) and estimation of the above method was 
performed graphically with the use of a planimeter and 
represented in Figure (2.10.) These values were divided 
into the active height of the tower to give the HOG 
values (H.T.U.). The average slope of the equilibrium 
curve for this system (0) was also evaluated from the 
relation:-
·1.49 
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••••••••••• (2.15.) 
and this is shown in Figure (2.13.) and found to be 
equal to 0.930. The value of (m) reported in literature 
was 1.0495. 
ill Calculation 
(111) 
Fenske and Underwood have developed an equation 
for determing the humber of theoretical plates existing 
in a column under total reflux for constant relative 
volatility ( ... ~) ~nd· given by:-
log 
•••••••••• (2.16) 
where: 
n = number of theoretical plates in the column. 
xli.: mole fraction of A in liquid 
YA: mole fraction of A in vapour 
xB: mole fraction of B in liquid 
YB: mole fraction of B in vapour 
and '~AB is the geometric average of the relative 
volatilities relating to the extreme co,positions at the 
top and base of the column during operation. Figure (2.7 •. ) 
represents the behaviour of the relative volatility for 
the system used with composition. 
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A value of (1.3) for the geometric average of the 
volatility was used for the experimental composition range. 
The value of (:-:.t ) calculated by the relationship 
(for ideal mixtures):-
•••••••••• (2~17) 
gives,~ = 1.34. 
This differed by ¥~ of the value used and it was 
decided to use the value = 1.3 as tolerated within the 
accuracy of the experiments. 
where:-
T~1, TB1 = B.pt. of components, A,B at the higher 
pressure P1 
T TB2 11.2, = B.pt. of components A,B at the lower pressure 
, 
Also, evaluation of the number of transfer units 
(NOG) based on the gas phase was calculated from the 
standard equation:-
N' = 1 OG ------
04 - 1 
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+ ln ("1-Yb) 
( 1-Yt) 
•••••• (2.18) 
and the height of the overall transfer unit was calculated 
from HOG = Z/NOG ' where Z is the total rectifying length. 
Difficulties encountered in operation 
A number of difficulties were encountered during the 
Course of the investigation. One of the major difficulties 
was to achieve uniform boiling of the mixture methylcycl02 
hexune/toluene in the reboiler. It WaS found necessary to 
introduce "boiling chips", which were small pieces of 
earthenware, supported on a circular brass gauze located 
in the lower section of the reboiler. This method produced 
some improvement as regards to the quaft~ity of boiling; 
and the reboiler was insulated with a layer of aluminfum 
over which the heating tape was wound. A flaslt with 
circulationhonting to promote good mixing and prevent 
local superheating of the contents would have been 
favourable, but the former system was chosen because of 
availability. 
The other difficulty was the tendency of the silicone 
grease to be lost to the reboiler through the 3-way valve. 
This was replaced with non-aq. grease which also eliminated 
the possibility of vapour leaks. Precautions were taken 
during sampling to ensure good reproducibiIity of the 
results during a run. The sampling arrangement was modified 
after preliminary runs and allowed a shorter length of 
tube between the take-off flange and the sampling point 
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and it was considered good practice to discnrd the first 
2-c.c. of sample so th:'1.t the liquid wns actually the 
reflux which w~s being formed and not the liquid hold-up 
in the tube. Removal of the sample was conducted at n 
slow rate so thnt the c:omposition at the top of the column 
would not be disturbed. 
2.4.4. Accuracy of the results 
The accuracy of the Analysis which could be 
+ achieved by the Abbe refractometer was - 0.0002, and 
the results of the sample composition were reproducible 
to the same degree of accuracy. For the non-pulsed 
results, the spread between the refractive indices of 
the top and bottom product was about 0.007. Therefore, 
it \oras possible to make nn error of 2 per cent and still 
be within the accuracy of the refractometer. V/ith the 
application of pulsations, the accuracy was increased, 
since the spread of the refractive indices of the two 
samples was increased (0.020). 
The graphical method obtained by Figure (2.10.) 
was conveniently selected to determine the overall number 
of transfer units (N.T.U.). The accuracy of this method, 
when done on expanded graph paper was estimated to be of 
the order 2.3%. Tests were performed to evaluate the error 
involved in the determination of the reflux rate (vapour 
rate) und this was found to be not more than t y~. 
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3.1. RESULTS OF T!..~~LSED COLUHNS 
A soriae of runs were initially conducted at 
total reflux without the application of forced pulsations, 
at atmospheric pressure. Three columns, of different 
internal dimensions, as detailed in Table (2.1.), section 
(2), were investigated, and the performance evaluated at 
different vapour velocities, based on the empty Annular 
cross-sectional area. The majority of the runs were 
performed in the range of the flm\T of vapour (1100< Rev < 2500). 
After conducting preliminary runs, it was observed that the 
maximum and minimum liquid reflux rates, to give reproducible 
and stable operation of the columns were in the range of 
50 and 120 c.c./min. respectively. Beyond this range, 
the operation of the column was considered to depend on 
factors attributed to the limitations on the operation of 
the still. Non-uniform boiling was encountered at the 
higher and lower throughputs and steps were taken to 
minimise this by introducing'porous pot' in the boiling 
mixture. This difficulty was attributed to the design 
and method used for heating the still. 
The experimental data were analysed in the form 
of (N.T.U.), calculated using equation ( 2.18 ) 
and the overall height of the transfer unit was obtained 
by simply dividing the height of the effective rectification 
unit (length bet1rleen top and bottom sampling points) 
by the number of transfer units developed. 
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The results obtained from these runs are 
represented in Table (3.1.) for the 1 - in., inner tube 
column. The performance of the column, expressed us 
N.T.U. is plotted as a function of the Reynolds Number 
of the vapour phase (Re ), is illustrated in Figure 
v 
(3.1.). Similarly, Table (3.2.) and Table (3.3.) 
are given for the results obtained for the 1~ - in. 
and 2 - in inner tube columns respectively under 
similar operating conditions and Figure (3.2.) and 
Figure (3.3.) illustrate the variation of the 
performance of these two columns with (R ) over the 
e 
v 
permissable operating range. 
The efficiency data obtained for the three 
columns would be considered in more detail in 
Section (4.1.) and fitted whenever possible with 
previously established relationships described by 
other workers for wetted-wall or similar rectification 
columns. 
, 
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TABLE (3.1.) , 
A - DATA FOR 1-in. INNER TUBE COLmm 
i RmJ NO VELOCITY nD
20 ! ~i8~~0~I~;8~H N.T.U H'.T. U:. R 
("cmr e cm/sec TOP BOTTOM TOP BOTTOM v 
10.02 M.4485 1.4566 60.0 48.75 1.80 . 84.66 1135.26 
12.16 M ,4500 1.4578 58.0 47.0 1.75 I 87.09 1377.72 I 
M ,4506 I 1 92.36 1 1700.63 15.01 1.4578 57.0 !47.0 1.65 
1'-..1 : 16.53 r.4510 1.4579 56.50 if7.0 1.60 j 95.25 . 1872.84 
, , 
i 
: 22.14 M.4475 1.4530 61.70 53.60 1.50 I . 101.60 . 2508.46 
lL.Z· 10.72 n.lf482 1.4550 60.75 50.8 1.78 ! 85.70 1327.87 
14.60 1.4500 1.4710 58.0 .48.0 1.69 i 90.50 1654.18 
18.40 1.4512 1.4820 56.30 46.70 1.57 I 97.10 2198.02' 
22.30 ~ .4502 1.4565 57.7 48.75 1.53 \99.80 ' 2526.59 
24.30 M 4475 1.4538 61.70 52.40 1.49 102.20 2753.19 
! ~.4480 1.4545 60.8 . 5~~4: 89.30 f1370.93 ~ •• 3 ~12.10 1.71 
14.40 ~.4498 1.4570 58.20 48.20 1.66 92.0 ,1631.52 
19.30 ~ .4517 1.4588 55.40 45.75 1.55 f 98.70 !2186.69 
, , 
21.70 ~.4502 1.4675 57.60 48.50 1.50 101.60 f2.458.61: 
I 
23.50 M~4487 1.lf.545 57.80 51.50 1.49 102.60 ;2662';'55 
! t 
! i I 
I ; , ; 
12.90 ~.4485 1.4555 60.0 i50.25 1.70 89.70 !1461.57 
( 
iA.4 15.60 n.4492 1.4560 59.20149.50 1.66 91. 80 l1767.48 
18.90 ~.4510 1.4535 56.60153.00 1.60 95.252141.37 
i i 
22.80 n .4500 1.4640 57.80:49.00 1.50 101.3012583.24 , i 
~.4489 1.4545 59.60 51.40 1.47 i i ,23.90 103.70 :2707.87 I i 
! 
, I 
" 
~ 
, ~ 
11.4482 1.4552 60.50 I 1.82 1 83.75 i1235.65 . A.5 10.90 50.70 f 
13.90 h .4479 1.4534 60.20153. 20 1.71 I 89.00 [1578.90 I 
16.90 h.4500 1.4568 57.801 48 •40 1.59 96.00' . 1918.56 f I I I ! 20.60 n.4509 1.4575 56.60147.40 1.56 I 97.50 2338.20 I 
! I , 
23.10 h.4510 1.4572 56.50'47.80 1.47 1103.50 2620.25 : 
! 
'\ 
, 
I Run No 
1 
! 
I 
- 114 -
TABLE (3.2.) 
B - DJ.TA FOR 1i-in. INNER TUBE COLUNN 
,
: Velocit~ 
. cm/sec.: Top I . 
I I 
20 t COMPDSITION 
nD \ Mole ~ H.C.H. , BottomeTop Bottom 
I 
I: 
N.T.U. : H.T.Uj I (cm) I R ev: 
I I /1 J i 1 
1 17.90 11.4512 1.4618; 56.80 : 41.80 I 2.41 1 63.25 1215.39 
I ill
\18.0 11.4548 1.4629! 51.25 j 40.50 12.40 j 63.60 1220.40 
. 120.09 11.4510 1.4622 ;56.50
'
41.50 2.40 163.60 1362.10 
124•12 11.4525 1.4637 i54.25 39.60 2.29 166.60.1635.33 
,B;.1 33.7 1.4517 1.4617: 55.50 1 42.10 2.15 170.90 2290.25 
+-.__ ---l __ -+-__ ;;....l _--+-__ -+-_---+-1_-+ __ --+ 
, I i 
I 1 17.20 11.4520 1.4639 j 55.00 39.20 12•42 163. 60 116.6.16. 
I 
" 
21.20 1.4520 1.4630 1 55.00 40.30 2.3:5 I 64.90 1437.36 
B.2 . 25.20 !1.4517 1.4625 ; 55.40 41.00 2.30 166.30 1708.56 I I 31.10 h .4519 1.4622 ; 55.20 41.50 2.21 169.00 2108.58 
I 1 35•50 11.4515 1.4614155.70 42.50 12•10 ! 72.7012410.66 
~ I -----J-~-.-+-J __ .~I --+-----+-----+1-_----+ 
! 17.50 11.4503 11.4614 i 57.40 I 42.50 2.40 163.50 l1168. 75 
B.3 22.30 1.4515 1.4624!. 55.75141.20 2.34 t 65.20,1515.26 
24.40 1.4512 1.4616: 56.40 i 42.20 2.28 166.80! 1659.00 
30.70 ,1.4542 I 1.4652 j 52 •OO ! 37.30 1 2•19 1 69. 60 j2087. 67 
!
i 134.90 \1.4533 11.4637 :,: 53. 251 39.50 1 2•12 171.9012370.90 
I I I I: I~_ il I~ -+-, - 1-- - , --+-! -+-1 ---+ 
! 1 17 •60 l1.4507, 1.4620! 56.70\ 41.70 12•42 i 63.00:1193.28 
i B.4 21.60 ~.4525 I, 1.4627154.301 40.80 2.37 164.4011464.48 I ~ 25.30 r· 4530 1.4640 53.70
1 
39.00 2.27 167.2011715.34 
I 31.10 r .4530 1.4636 53.60 I 39.60 2.16 70.60 \2108.58 
, . 33.80 ~.4540 1.4698: 52.20 I 37.80 2.14 71.30 \2295.50 . 
I ____ ~ ____ --~l ____ -~~----~t----~-----_+----~----~----~ 
i 
i 
I B.5 I 
! 
I 
18.20 
22.10 
28.10' 
i 
)
' 31.70 
35.10 
i 
i 
n.4506 
I 
~.4515 
h.4500 
p.4506 
h.4524 
\ 
1.4618' 56.80 
1.4629 55.75 
1.4597 58.001 , 
1.4684 57.10! 
41.80 
40.70 
44.70 
43.80 
1.4622 54.40 41.50 
2.40 
2.38 
2.21 
2.18 
2.05 
i 
63.5°/ 1238.30 
64'.2011500.35 
69.0011910.72 
70.00 12156.67 
74.4012383.22 
i 
I 
\ 
--------- ------- -
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TABDE 0.3.) 
C - Dl.Tt. Fon 2-in. INNER TUBE COLUHN 
- .-------------~:::-----:-:--:---,--------.......,..----
1
1 Run No VI· t 20 I Composition ; I' 
e oc~ ~ nD Mole % M.C.R N.T.IT. R~T.U. I cm/sec. 1 Top Bottoh i Top Bottom " I {en) • R e 
v 
I 
; j 
I c-t ! 49.22 59.24 
69.20 
86.88 
11.4478 1.4671 61.00j34.75 
11.4505 1.4635 57.20139.75 
3.48 
2.75 
2.55 
2.77 
43.70 1112.56 
55.40 1338.95 ' 
59.80 1564.12 
55.00 1968.54 
C-2 
C-3 
c-4 
r08•44 
\
1.4515 1.4639 55.70 39.25 
1.4512 1.4645 56.20 38.40 
i 
I 
:1.4522 1.4650 54.25 37.50 
! 
2.56 59.50 2450.85 
1
,46.70 1156.92 
49.80 1579.12 
53.90 1852.16 
1662.23 
1473.14 
1918.75 
2150.29 
2522.00 
I 45.00 1.4493 1.4650 58.75 37.50 3.35 45.50 1017.00 
I 66.30 1.4506 1.4655 57.00 37.00 13.09 149.30 1498.38 
! 75.90 1.4512 1.4638 56.20 39.25 I' 2.66 57.30 1715.34 
1 
195.10 1.452311.4652 54.50 37.40 2.62 58.20 2149.26 
I 1108•78 1.432011.4645153.50 38.40 12•30 162•30 2458.61 
~----~------~--~----~.--~------~----~----~----~ 
--------------------------------..,.--------------------------------
2.0-
.. 
::> 
. . 
E-t 
. o 
Z 
........ 
I 
12 14 
I 
.' 
1 in. inner column. 
NO PULSATIONS. 
0---:-0---0 --lrcr---..CL o 0 0 0 ___ 0 __ 0-0-0-6-0 -0--
... -" 
\ j 
I I I 
i6 18 20 22 24 26 
Reynolds Nu~er (Rev. ) 
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3.2.1. RESULTS OF INITL\L PULSED RUNS 
During the initial stage of this study, it 
was the main objective to find the qualitative effect 
of pulsations on the efficiency of the column as 
measured by the number of theoretical plates (N.T.P.) 
• 
The N.T.P. was determined using the graphical method of 
McCabe and Thiele(110) and it was found that the (N.T.P.) 
obtained \-lith pulsations was about 300"fo more than 
without pulsations. The selected experimental data and 
principal results are summarized in Table (3.4.). 
It was also observed that the (N.T.P.) is increased 
when running the column at a lower boil-up rate, but the 
per cent increase in (N.T.P.) for pulsating at this lower 
boil-up rate is practically the same. 
Since it was unlikely that the conditions for 
maximum increase in efficiency were being used in this 
preliminary , ... ork, the next step was to investigate 
quantitatively the effect of the variables. It should 
then be possible to predict the maximum possible increase 
in efficiency and the operating conditions required to 
establish the optimum. 
~. 
I 
o (\J 
r-
CONDITION 
Without Ptlsation 
With Pulsation 
'~i thout Pulsaticn 
\'lith Pulsation 
TABLE (3.4.) 
INITIAL PULSATION RESUDrS 
1" - ANNULAR COLUNN 
Refractive Index Boil: ... uPt Rate 
at 20°C (Equilibrium) 
Ib moles/sec. ~.c./r.d.n. 
Top Bottom per. oq. ft. 
of Annular 
area 
1.4657 1.4760 76 1.0 x 10-3 
1.4465 1.4762 
1.4595 1.4738 0.6 x 10-3 46 
1.4425 1.4719 
No. of 
"elocity Theoretical H.E.T.P. 
cm/sec. Stages (in) 
15.0 1.65 29 
6.0 9.675 
1.8 23.2 
9.0 
7.5 7.74 
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3.2.2. RESULTS OF FIRST SERIES OF RUNS ~AP) 
111 - INNER TUBE COLUMN 
After the performance of the three columns 
had been investigated without the effect of pulsations 
for a range of boil-up rate~ an experimental programme 
was devised in order to evaluate the effect of pulsing 
the vapour phase on the efficiency of the columns. It 
was generally established, from previous preliminary runs, 
Section (3.2.1.), that the efficiency of the column was 
considerably higher with pulsations than without. 
The results of the first series of runs (AP), 
pertaining to the 1-in. inner tube column, are represented 
in Table (3.5.), summarizing the principal calculated 
values of (N.T.U.) characterizing the fractionating 
capacity of the column. Among the factors that were taken 
into consideration was the effect of the vapour velocity 
(reflux rate), and for every run, this was varied 
between the range of 10 -22 cm/sec. for a fixed amplitude 
and frequency of pulsations. Figures (3.(4~14)) show 
the effect of variation of reflux rate on the rectification 
efficiency at various frequencies and amplitudes of 
pulsations. This was plotted as N.T.U. v.s •. 
Reynolds number of the vapour phase CR ). The effects 
ev 
of frequency and amplitude of pulsations were studied in 
more detail. Frequencies of 2, 4, 7, 10, 17 and 21 c/s 
were chosen to cover so wide range as was possible and for 
each run the efficiency of the column was determined at 
four vapour velocities for a fixed amplitude. This is shown 
,.---------------- -- -- ---
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in Figures (J.(4:-8) ). 
Inspection of these figures reveal an increase 
in efficiency with an increase in frequency and that an 
apparent opti~al range of increased efficiency exists 
at a frequency of about 17 c/s. 
An investigation of the effect of the pulsation 
amplitude on the resultant performance was also undertaken 
and (Figures (3.(9-14) ) show that an increase in 
Amplitude results in a definite increase in efficiency 
of the column. At the higher frequencies and amplitudes, 
the influence in the variation of the reflux rate is 
less marked than at the lower values. 
RESULTS OF SECOND SERIES OF RUNS - (BP) 
1*" - INNER TUBE COLUMN 
i.fter the completion of the first seri,es of 
runs (At') with the 1-in, annular tube column, the column 
was dismantled, cleaned and polished thoroughly and 
modified to be replaced by the 1i-in. o.d. inner brass 
tube, as described in the experimental section (II). 
The performance of this column without the 
appl~cation of pUlsations was investigated for a 
range of throughputs and these were followed by 
36 runs with pulsations to study the effects of pulsation 
parameters on the efficiency. It was found useful to 
repeat a run deliberately since it was found difficult to 
reproduce the parameter of vapour velocity from run to run. 
- 123 -
The results of these runs are presented in 
Table (3.6.) and these were obtained in the range of 
vapour velocity varying between 17 - 36 cm/sec. The 
results are plotted in Figures (3. (15-25) ) as (N.T.U.) 
vs. (R ). ev Th~ results without pulsations were included 
for comparison and it was observed that in most cases the 
efficiency of this column is considerably higher ",ith 
pulsations than without. 
Figures (3. (15-19) ) show the variation of the 
overall rectification efficiency (N.T.U.) with frequency 
of pulsations at various amplitudes for the range of reflux 
rates investigated. By inspection, the performance of the 
column increases rapidly with the frequency of pUlsations 
and then drops beyond frequency value of the order 17 c/s. 
A reversal of the increased trend in efficiency is possible 
for the higher frequencies. This, as before, indicates 
an existence of an optimum region of operation. 
Figures O. (20-25) ) show that an increase in 
performance can be obtained with increasing the amplitude 
of pulsations and that this increase is directly proportional 
to the amplitud~ of the pulsations. 
3.2.4. RESULTS OF THII<D SERIES OF RUNS 
2" - INNER TUBE COLUMN 
~ series of five group of runs were made using 
the 2-in. annular tube column and were performed for 
identical conditions as for (J.p) and (BP) series of runs. 
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These are represented in Table (3.7.). The runs were 
performed before any attempt was made at interpreting 
the results at this tage. The range of vapour velocity 
was varied between 50 - 110 cm/sec.. ''!hen vD.rying the 
pulsation parameters, (frequency and amplitude), it was 
observed, un1iMB with the two columns studied previously, 
that the amplitude parameter decreased with increasing 
frequency of pulsations. A detailed examination of the 
co1u~n revealed a 'bulge' on the inside wall of the outer 
tube, thus creating an obstruction for the pulsations 
effect to propagate along the full length of the column. 
This observation pointed a finger of suspicion as to the 
reliability of these data so far obtained, and it was later 
decided to discard them and to discontinue work on this 
column. This discovery could also provide an explanation 
for the reason of disagreement of the 2-in. column 
with the expression correlating the data obtained for the 
1" - and 1i" inner tube columns. 
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RESULTS WITH PULSATIONS 
TABLE (3.5.) 
AP - SERIES EXPERIMENTAL DATA 
Runiveloeit~omposition I(N.T.U), J.,(NeT.UiT(;.;';)O=R'-- (Rev. ~ . - .~ T iiL1(U:UdJ 
Noo! cm/~ec~ mole % M.C.E I eN T U) lR ld< !r rtlll"! qy1 I 
I, Top S t iP I •• p eYllO 'L • e'1_,l 1 (cm ·HgJ • ..1 No. c/s 
[10.50 1;':'60: 42.3C 1.80 1.9~--;~-;- I ;~~1·.:7 - -.----~ 
115.60 51.30 42.7C 1.62 1.62 1.0 1770.18 2 2 
119.70 54.80 44.90 1.52 1.62 1.06 2235.42 
P-~.21.33 56.20147.00 1.48 1.53 1.03 2420.39 
I 1---1--_ .. f---!----+----+----!-----.. -I- ~----Ir__--+_--__t 
! 
10.79 
16.30 
1P-2 20.38 
22.30 
58.80 46.80 
55.5011 45.20 
51.35 41.80 
53.90 44.75 
1.80 
1.60 
1.50 
1.48 
! 
2.18 
1.68 
1.53 
1.48 
1.13 
1.05 
1.02 
1.0 
11224.38 
11849.61 
1
2312.59 
2530.45 
9.82 61.60 50.25 1.85 i 2~13 1.15 1114.31 
1P-3 14.20 60.50 50.75 1.65 11.74 1.05 1611.32 
119.00 58.80 49.50 1.54 . 1.62 1.05 2155.99 
122.00 58.75 50.25 1.47 1.50 1.02 2496.41 
2 2 
2 2 
I---+----+---+----t---t-----~----_t---+----;-----t 
1'0.79 63.50'\51.50 1.80 2.34 1.30 11224.38 
)-4 1 6.20 60.20 50.75 1.60 ~1.85 1.16 11838.27 
!20.67 59.20 49.25 1.50 ! 1.70 1.13 i 2345.49' I 
I I I . I F2•80 60.20 51.00 1.47 ~1.62 1.10 2587.19 I 
~_~il ____ ~ ____ +-_-_+ ____ -.l~' ____ ~ _____ -+_ ____ -+--__ -.-~~l ____ ~ 
! i i 
111 •21 63.30 'f! 51.00 1.78 j2.35 1.32 11272.04 '\ 
116.60" 61.40 51.50 1.57 11.81 1.15 \1883.66 4 14 I 
1>-5 r9.67 60.80 50.75 1.52 \1.70 1.12 12232.10 ! 11 
121.90 59.60 ! 50.43 1.48 \1.60 1.08 12485.07 I I 
~p-,-6-+i1-0-.7-0--~6-2-.9-0~4-9-.-7-5+-1-.-82__r2-.-46---r1-.-3-5---~:1-2-1-4-.1-6-r-------~i------l 
;15.10 59.5048.251.62 11.94 1.20 1713.45 4 4 I 
:19.10 59.30 49.10 1.5311.76 1.15 \2167.341 I 
k2.0 159.40 ! 50.00 1.47 11.65 1.12 i 2496.41 j I I' .-~\ ____ ~i __ ~I ____ ~ _______ ~! ____ ~! ______ ~!__ ~ ! . 
4 If 
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Table (3.5.) continued 
,I C 't' I " ' I 
Irrequency Amplitude I I V 1 "t M ~mp~sH cOR I i !! Rev 
.;Run ',e .OC:L yl 0 eo ••• I(N.T.U) t(N.T U) I R. 
Noi cm/sec'. Top Str1.l! ° . ~ ratic (c/s) (cm.Hg) I 
i I I i 
157.80 I ~5.50 11.78 ! I lrP7 11.33 2.06 1.16;1285. 65 i 
16.20 55.50 i 45.20 I 1.60 1.68 1.05 i1838.27' 4 I 2 ! ' I 120.10 166.0 46.90 1.51 1.62 1.07,2280.80 I 
22.60 61.50 48.75 1.47 1.59 1.0812564.50 ~ 1 
I i I 
I ! I ! J10.50 57.60 I 44.25 1.82 2.18 1.20i1191.47 ~f.P 14.40 56.00 144.75 1.65 1.81 1.10i1634.02 4 ! 2 I 
1 18.22 55.70 45.20 1.55 1.71 1.10i2067.48 
21.30 55.80 146.10 1.49 1.61 1.0812416.98 I • 
I I I , 
-! 
158.80 1 46•10 
, 
, 
110•80 1.80 2.16 1.2011225.51 I ~lP9;113. 90 157.25 46.35 !1.68 1.81 1.08 ;1577.28 4 2 
56.80 46.75 1.68 I J \16.70 ,1.58 1.06 (895.00 I I I I i 19.50 ! 56.60 47.00 11.52 1.60 1.05,2212.73 I ,-+-- I I I 1 I I ---j-- i I I I , ~P10 !10.10 64.70 49.20 1.84 3.02 1.65 !1146.08 I \11.80 63.70 49.15 1.75 2.76 1.58!1338.98 T 6 
15.80 62.60 49.75 1.62 2.38 1.47 11792.88 I I 
19.70 62.00 50.10 1.52 2.20 1.4512235.42 I I I 
--- I 1 
10.60 162.30 1 45.65 11•82 2.98 1.64\1202.82 
','I 13.20 60.80 I 46.10 !1.70 2.55 1.50j1497.85 7 6 
I I 
16.90 60.20 46.75 \1.58 2.32 4 I I P11 1. 711917.70 11.50 I \20.40 159•60 46.90 • 
1
2
•
18 1.4512314.86 
i I I I I 1 
111.60 
I 
\1.80 
I 
1.62 11248.21 64.00 150.10 \2.92 
~ 112•60 164.20 50.75 j1.72 I z.66 1.55 !1429.76 7 I 6 I 
P12 e5•5O 
, 
1.5011758.84 I I 163•60 51.10 \1.62 ! 2.43 \62.70 51.20 i1.50 12•18 1.45 12394.29 I :21.10 I I I i I ! I I i I , 1 ! 
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Tp.ble (3.5.) continued 
Run, e oc~tYI ompos~ ~on I .T.U. i 
.T.U. t R I 
No. cm. aec.'Mole % M.C.H~ 
°1 
Rev ifreq. Amplitude 
Ic/a (cm. Hg.) 
:1 TOll StillJ ! 
li 
62. 70 ~ 48.75 ! ' t 
, AP1 3 \10. 9O 1.80 I 2.56 1.42j1236.881 I 
t ~::~ 60.70 I 49.00 I 1.60 2.04 I i 7 , 4 1.2711815.57\ I I 1 60•30 I 49.30 I 1.54 1.93 1.25 2144.65 I : 21.4 59.S0 I 49.50 I 1.48 1.78 1.20 2428.33 
l I 
-. 
63.70 I t 1.84 2.65 1.44 1168.77 10.30 50.10 
C 't' (N I ) '(N ) I 
12~90 62.30 50.10 1.72 2.32 1.35 1 1463.81 ' 7 4-
AP14 16.50 61.70 50.60 1.58 2.01 1.27 1872.311 
19.70 61.40 51.00 1.52 1.89 ,i1.24 2235.42 t 
:1 I 
64.20 1.80 
I, 
1248.21 [ I 11.0 51.50 2.52 ' 1.40 
, 
13.80 63.40 , 51.75 1.68 2.27 1.35 1565.93 7 4> 
, 
AP15 17.30 62.40 52.00 1.57 1.96 1.25 1963.10 
20.7 I 162•20 52.00 1.50 1.88 1.25 2348.90; 
I l 
,'I I 
11.50 65.30 50.20 1.77 3.01 t1• 70 '1304.94 i 
AP16 15.32 64.15 50.40 1.62 2.79 11.72/1738.41 110 6 
19.38 64.00 50.30! 1.53 2.68 ;1.75!2199.11 ! 
23.10 63.20 51.00 I 1.45 
-l 2.35 \1.62,2621.23 i I I . I I 
! i ! , 
AP17 10.80 ,64.80 149.20 1.80 3.06 l1. 7011225.51 ! I 14.60 64.00 I It9.60 1.65 2.81 11.7011656.71110 6 I I I ' 18.Ito 163.80 50.0 1.55 2.71 11.7512087. 91 ~ I 20.20 ': ; 2.58 'I ' • • 63.50 50.10 1.52 !1.70\2292•16 ; I • I ' i ~11.30 I i I 63.50 \47.00 1.78 2.99 11•68 1282.25 ! 
63.00 i 47.30 I 1.68 2.85 11•70 ,1 579.55 I 13.92 , 
I 
63.00 '48.10 I \1.7511929.05 10 17.00 1.58 2.76 6 
20.00 62.50 148.10 I 1.52 2.63 :1.73,2269.47 
t ! I ! . ! 
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Table (3.5.) continued 
I ; 
Run 
No 
- . ; Composition i ; , Ve1oc~ty !Ho1e % H.C.H" (NTU) '(NTU) R. ~ 
cm. sec m,,,,, st "11: 0 p rat~o\ IO~ ~: i Rev. Irreq. I t~~:ig~~' 
AP19 11.00 59.701 44.00\ 1.80 
, 
14.90 ; 58.70 44.751' 1.63 
17.50 58.60 44.90 1.57 
20.00 58.20 45.00' 1.52 
I : I I 2.61 • 1.45 [1248.21 ! 
I 2.33 I: 1.43 11690.75 10 I : I 
2.28 j 1.45 11985.78 
4 
2.16 11.42 t2269.47 
I 
J r ----~----~--~~----~--~~--~--~------~---+------~ 
47.00 1.82 2.37 11.30 11202.82 10.60 
14.20 
AP20 18.10 
21.60 
IGO •08 60.07 
60.03 
60.02 
47.20 1.65 2.3411.42: 1611.32 10 
47.25 1.55 2.24 1.45 12053.87 
I i 47.951 1.48 2.10 I 1.42 i 2451.00 
i I' ! ~--+----+----+-- I ----;~--I----__!- ---+-----If------f 
I ! I 
I 
I 
12.40 
AP21 I 15.10 I 18.60 
19.70 
10.50 
13.80 
i\P22 16.20 
20.0 
AP23 9.70 
12.10 
15.80 
19.50 
\61.70 
.61.70 
I 
\61.70 
\64.40 
48.25\ 1.73 2.42! 1.40 ~ 1407.10 
48.65 1.63 2.36 i 1.45 i 1713.45 
49.10 1.55 2.25)1.45 12110.60 10 
49•20 11 1.52 2.17 i 1.43 ( 2~35.42 
I ! 
171.70 50.001 1.82 4.58! 2.52 11191.47 
171.70 51.00\ 1.68 ! 4.40! 2.62; 1565.93 
171.40 51.1011.60 14.29! 2.68 ; 1838.27 17 
\70.50 51.20.11e52; 4.05 ! 2.66 j 2269.47 
i i i i I 
\72.80 51.50 !I' 1.87 \4.68! 2.50 ! 1100.69 
172.00 51.60 1.74 I 4.44 i 2.55 ! 1373.00 
\71.lJ:0 51.60 1.60 \4.25 2.65 ;1792.88 17 
\70.08 51.70, 1.52 14.10, 2.70 ; 2212.73 
4 
8 
8 
I AP24 
10.90 
14.30 
17.40 
19.20 
1'169.00 "5.30' 1.80 :14'5912'5511236'~ .--.. 
68.20 45.65 1.65 4.37 12.65 11622.67 1 I 
I t I j 
1
167.80 45.90 1.57 \lJ:.23' 12.70 ! 1974.lJ:4 17 \18 
\67.50 I 46.00 1.52 14•13 12•72 (2178.69 j 
I 
! 
I 
1\10.60 \63.80 44.25 1.82 13•55 11 .. 95 ; 1202.82 
AP2, .14.40 i64.20 45.10 1.65 13.53 12.14 1634.00 117 6 
117.20 164.20 "5.75 1.58 13.43 12;17 1951.74 I I 
1 20•80 ~3.00 1 46.00 1.50 i3•08 1 2•05 ~60.24 : i 
.~----~I------_, _____ I ____ ~! ____ ~ ___ ... ~j ____ ~ _____ ~ ____ +I-------
--------------------------------------------
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Table (3.5.) Continued 
~n I' V c/10Cit;r Ng£WPj!~;~~ft i(N. T •U) J N • T •U\ ra ~ioi Rev • fre~/:ncy I !::l~:~de I 
~. 1 cm sec. Top still I I ! 
110.90 65.60; 47.10 11.80 '-3-.-5-5 ~1-1-.-97--+-! -12-3-6-. 8-6-+---';"---i---~ 
12.70 65.50147.20 1 1.72 3.53 2.05J1441.11 
, ' I 
t>26 I 15.50 165.40 I 47.40 1.62 3.48 2.15 I 1758.84 17 6 
119.30 164.40147.50 1.53 3.22 2.10 2190.03 
-----+----~----4 
10.40 \64. 70 50.10 1.83 2.96 1.62 1180.12 
t>27 13.20 65.30 51.20 j1-. 70 2.86 1.68 1497.85 
16.0 65.00 51.30 I 1.60 2.77 1.73! 1815.57 
~4.00 51.50! 1.52 2.51 1.6512178.69 19.20 
17 4 
~-r------+----+----~----~------~---i-------r------+-------~ 
10.90 
15.50 
1>28 17.10 
19.40 
66.20 51.50 1.80 2.97 1.65 I 1236.86 
J 
65.20 51.55 j 1.62 2.75 1.7011758.84 
165.00 I 51.7511.57 2.70 1.72 , 1940.39 
17 4 
164•50 i 52.00 1 1•53 2.50 1.63 t 01 •38 
1---+-11-.-5-0-+69.30 ' 49.20 t 1.78---+- 4.~~-~.3 11304.94--+--------'--
'29 14.80 66.80
1
49.25 \' 1.64 3.94 2.40 1697.40 
\18.00 68.70 49.65 1.55 3.83 I 2.47 2042.52 
120.80 68.70! 49.70 11.50 3.83 2.55 2360.24 
l - I 
1 9.90 171.00 I 51.50 '---1-.8-5--+--4--.-16--+-2-.-25 1123.39 I 
14.30 \68.40! 51.00 11.65 3.95 1 2•40 1622.67 i 
1
!69.80 \' 51.75 ; 1.56 3.82 2.45 2019.82 I '30 17.80 
20.70 69.80 1 52.00 11.50 3.75 2.5012348.90 11 
l' jl I i I 
! :! ! i 
21 9 
,11.30 163e30! 45.151' 1.78 3.30 11.85i 1282.25 
'31 i 14~ 70 163.60 ! 45.25 11•64 3.38 \2.06 1668.60 21 I 6 
117 •60 ,'63.70 I 45.55 ! 1.56 3.36! 2.15 -1997.13 I I 
t----:-l __ --.;.i ___ "-I __ ... 1___ ---.., ___ , __ ,L ___ ' ___ i ______________ 1 
I 
--------------
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Table (3.5.) continued 
I I Composition '(NTUt, !(NTU)' R i Rev. frequencyl Amplitude I 
!:/~~~:YII ;:~e :t~~~ i i P RatiO! cls I Cm. Hg. i' 
J----r-----~----~-- I 1 
,AP32' 11.20 66.70 50.10 1.78 \3.33 1.87! 1270.90 I 
15.10 68.10 50.15 1.62 13.40 2.10 11713.45 i 21 6 I 
17.70 71.30 50.6511.56 13.35 2.15 ! 2008.48 j I 
19.90 66.20 50.20 r.52 11>.19 2.10 2258.12 I l------i 
f-A-P-3-31--1-1-.0-0-+-5-9.30 ~'20 ~.52-· 1.40 1248.2'-1-,i-1 ----+-. I 
14.60 60.20 44.30 ~:~; 1;.64 1.60 ,1656.71 ! 21 4 I 
18.20 60.05 45.20 1.55 ! 2.56 . 1.65 2065.21 1 
I 
I iRun 
INo. 
22.00 160.00 45.70,1.48 :,:2.44 1.65 2496.41' 
I I 
AP34 12.40 t: 46; 01.20, .20;1.73 i 
I 15.30 I i 61.20 146.3511.62 
12•59 
i2.54 
i 
1.50 11407.10 \ 
1.57 j 1736.14 i 
6 j 4 44 I 
21 If: 
17.40 1. 5 i 197. ! 
1.60 12382.94 
l 
I 
! 
61.40 146.751,1.56 
f I 
60.08! 47.00j'1.50 
, I 
i ! I 
!2.58 
12.40-
, 
l 
I 
I 
! 
21.00 
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Table (3.6.) 
BP - SERIES EXPERIHENTi.L DAT1;, 
---. ..---~---.;~ 
1i-in. INNER TUBE COLUMN 
! I I Cornposi tion - ! -T- ! TRe~ frequ~ncy~ Amplitude i 
1 Run I Velocit Mole % M,C.B ,I (NTU) i (N4TU) i R ,I Reynolds c/s Cm. Hg. I I No. cm/sec. Top still, -.:.l p I No ~ I ---1---1 I·~ ! '1 
18.50 63. J+0 I 50. 15 1 2.44 f 2.56 11•05 j 1259,55 ~ 1 
24.50 62.40 50.251 2.28 ; 2.26 11.03 11668.06 2 1 2 ' 
PP-1 29.50 62.50 50.651 2.18 ; 2.22 1.02 I 2008.48 ~ +-1._+-_3_6_.5_0-+_6_2_.2_0.-+_50.951~8 i 2.08 11•00 12485.07 ; I 
~P-2 
I 
:sp-31 
I , 
19.50 
25.0 
29.0 
34.5 
18.00 
22;.0 
28.0 
35.0 
60.50 
59.00 
58.70 
58.30 
61.70 
61.20 
~ I t I 45.25 2.45 !2.58 !1.05 1327.64 f. I 
45.35 .2.26 2.30 11.02 1702.10 2 I 2 
45.30 2.18 2.27 1.04 1974.44 I I 
45.30 2.10 ;2.14 1.02 2348.90 ~ I 
48.10 2.46 
48.20 2.35 
48.65 2.20' 
48.95 2.10 
i --+----1 
12.64 1.07 1225.51 I I 
!2.lf6 1.05 /' 1497.85 2 l' 2 I I :.~~ 1.04 1906.35 I I 
:. 1 .02 t 2382.94 I 
I--+---+---+---+---.i·_-+-_·t . -I 
l3P-4 17.50 65.40 48.35 2.47 j3.33 1.35.t' 1191.47 I 
I 21.50 64.60 48.95 2.35 13.06 1.30 1463.81 4 4 ! 
i I 27.5 63.50 49.15 2.22 2.73 1.23/' 1872.31 
I 34.5 62.70 49.0012.10 12.52 11.20 2348.90 I ~~~~~-~.--~-~ll~~;-~i--~----·~~ 
~P-5 18.0 64.20 47.20 2.46 3.24 1.32; 1225.51 
i 22.0 63.20 47.30 2.35 12.94 1.25 1497.85 
I 28.0 62.20 47.35 2.20 12.64 1.20 1906.35 
35.0 62.00 48.00 2.102.52 1.20 12382.94 
4 
i 
I----t---+-"---- ~_.-t-__ -i'I __ --+_-+- ---+-1 -.---+-----1 
~P-6 17.0 66.25 49.10 2.50 13.40 '1.36 I 1157.43 I I1 4'- I 
21.50 64.50 49.00 2.35 !3.01 1.28 j 1463.81 ili 4 I 
I 26.50 64.00 49.70 2.23 12.78 1.25: 1804.23 I I I i 1 33.50 63.30 49.80 2.12 j 2.58 1,1.22 t 2280.81 I,' 1 l' 1~~ _____ ~ ___ ~J. ____ ~ ____ ~I ____ ~t __________ ~, ______ ~l ____ ___ 
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Table (3.6.) continued 
l . Ice - .'. . I Rev ;frequency Amplitude 
f Run Velocity Hg~~o%~MCftn (NTU) ;: (NTU) R I Reynolds j c/s Cm Hg. 
~ No. cm/sec. Top still 0 !\ _P-+-_-+-__ N_O_. ___ Jj ---+-----4 
! • j 
IBP7 18.50 64.4c 50.15 2.44 2.81 1.15 1259.55 I I 23.0 64.oc 50.75 2.33 2.63 1.13 1565.93 I 4 2 
29.5 63.5C 51.20 2.18 2.40 1.10 2008.48 1 
! 34.0 63.4c 52.00 2.12 i 2.23 1.05 2314.86., 
I-BP-8-+-1-7-.5-0--~6-4-.-7C+-4-9-.7-5~2-.-4-7~-2-.-9-6+t1-.-2-0+-1-19-1-.-4-7-+1·------+-----~ 
i 21.5 63.8c 49.90 2.35 2. 70 11•15 1463.81 .ll 4 2 
. 26.0 63.0C 49.80 2.25 2.48.1.10 1770.18 
! 32.50 62.3C 50.10 2.13 I 2.2811.07 2212.73 :i i ~ i 
,---+------+---.~--~------+---~---+-----.--~----.~------~ 
.1 
I 
IBP9 
i 
I 
19.0 
23.5 
29.5 
33.5 
63.4c 48.25 2.42 
63.0C 48.35 2.32 
61.8c 48.45 2.18 
61.5C 48.65 2.12 
2.83 L .17 
I 2.7011.12 
'! ~ I 2. 40 I1 1 • 10 
2.27 1.07 
1293.50 
1599.97 
2008.48 I 
2280.81 
4 2 
i lii--~----t--__+--_t_---+---+---+--··-_t_--__t----
iBP10 18.50 ~ I 25.5 
I 30.0 
I 34.5 I 
i 
·69.0C 51.10 2.44 ~ 3.70 1.52 
~ I 
68.oC 52.10 2.27 13.2911.45 1736.14 7 
67.5C 52.35 2.18 . 3.14 f1.44 2042.52 
67.2C 52.30 2.10 I 3.0411.45 2348.90 
r +t -t ~P11119.0 63.7C 44.35 2.42 I 3.51 ,1.50 . 1293.60 I 
I I 23.5 63.6c 45.00 1 2.32 13.36 ;1.45 1599.97 1. 7 
! I 28.5 ·62.8c 45.35 2.20 I 3.15 i1 .43 1940.39 ~ ! ! 32.0 62.5C 45.65 2.14 : 3.04 [1.42 2178.69 ~_. _~I--__ _ 
, I i. I I ~I. P121' 18.5 65.3C 46.00 2.44 i 3.6611.50 1259.55 
22.0 164.5C 46.45 2.35 ! 3.40 11.45 11497.85 
I I ' ! I' j i 28.5 63.5C 46.95 2.20 \ 3.08 11. 40 1940.39 I 
! I 34.0 163•6C 47.00 2.12 ! 3.08 11.45 2314.86 }I 
, I ' I 1 • 
• , I ,i 1 I ~~'-----------~--~------~--~-~------~"-----~-------
1259.55 
7 
6 
6 
6 
r----------- --
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Table (3.6.) continued 
I! r! ~n Velocity! Hole % MCH (NTU) , (NTU)p! R Rev I frequency I hmpli tude! 
Reynoldsl c/s cm Hg p l ct;l/sec. Top Still 0, i 
no. 
I 
P13; 19.50 I 23.0 I 29.0 
t 
I 34.5 
I 
65.00 145.1; 
63.90 45.35 
62.70 45.75 
62.30 45.8c 
2.45 
2.33 
2.18 
2.10 
3.75 
3.42 
3.05 
2.94 
I 
i 
11.53 1327.64 
I 1.47 1565.93 
1.40 1974.44 
1.40 2348.90 
7 4 
• 
I ---+---+----+-----+-----t-! -----.. 
P1 4i 18.0 66.25 46.3; 2.46 I 3.81 1.55 1225.51 11 
I 22.5 64.60 46.3; 2.34· 3.44 1.47 1531.90 7 4 
f 28.5 63.50 46.5C 2.20 3.13 11.42 1940.39 ! 
l33.5 63.00 46.6c 2.12 2.97 .~_0-+-2_2.-80_.-8_1-+----+----~J; 
11:>15 1 19.50 66.20 47.0C 2.45 3.68 1.50 1327.64: 
24.0 
:. 30.0 
64.60 
64.00 
63.60 
47.1; 
47.85 
48.oc 
2.30 
2.18 
2.10 
: 
1.45 1634.02 7 4, : 
, 
~ 34.5 
1 
1.40 2042.52 
1.40 2348.90 
. 
-------+---+---f-~+---__+_.--+---. ··--+-----I-------I~ ) 
! i 
P16 j 18.50 71.00 48.35 2.44 4.68 \1.92 1259.55 
~ 21.50 70.60 48.3&:: 2.35 4.58 I 1.95 1463.81 ~ 28.0 70.50 149.1~ 2.20 4.40 2.0 1906.35 
\32.5 70.40 150.09 2.13 4.23 1.98 2212.73 
6 10 
~-+----~----~--~--~---.--~----~-.----~------~------~ ~ 
P17 ; 19.0 70.70 48.35 2.42 4.60 1.90 1293.60 i 
. - i 
123.5 71•00 : 48.75 2.32 4.57 1.97 1599.97 10 6 I 
\ 29.5 70.20 148.7:: 2.18 4.36 2.0 2008.48 ! 
\3
4
•
0 
69.40 148 •9C 2.121.-:::~_+_1-.-95-+· _23_1_4.~8_6_+_ _ _+1 __ -1;-1. 
1 I t i 
P18,17.50 71.60 ;49. 20 2.47 4.68 1.90 11191.47 I 
;21.50 71.50 !49.45 2.35 4.63 1.97 11463.81 10 6 I 
!29.50 170•60 150•15 2.18 1 4.30 1.97 j2008.48 I i 
...... _1_3_3.~J _70_._0_0--,-!5_0_._2o!~j_2_._13_1_4_._15 __ 11•95 ! ~2_46_._77_ ... _. __ . ___ +1_" __ .J 
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Table (~.6.)· Continued 
~R-u-n-r v-e-l-oc-i-t-Y""M-o-l-e-%-HC-H-j-:(~"-T-U-) ~-(N-T-U-)-p"-I: -R--"';-R-e--v--If-r-eq-u-a-nc-y-: A-.m-p-lJ-·. t-u-d-c; 
No ; cm/sec. Top stil]J 0 Reynold3 c/s I cm Hg. .-
r il : No. ,. 
I---------+-------I.---+-- ~ --."--I-~-_I_----.......... ---"' 
I 
· ~P19: 19.50 
\ 24.0 
i 32.5 
35.5 
J I 
. 66.70}47.2d 2.45 3.801.55 1327.64 
6
66.36' 0~47.5~ 2.30 3.63 1.58 1634.62 10 11 4 l 
5. Op47.67 2.13 3.48 1.63 2212.73 i tI ·1 * 65.70::47.8~2.08 3.371.62 2416.98 ! 
;; ~ J; 
!-----+----t-----i-" ---;;." ---1-----t---"-"'-----I-----+.---,-1 
I 67 .40 ~48.1~ 2.44 3.78 1.55 1259.55' I ~p20f 
I 
· 
· ! 
! 
I 
18.50 
21.5 
28.0 
33.0 
P21! 17.50 
I 25.5 
j 
1 30.5 
i 34.5 
I 
t 
~ " 66.90148.2~ 2.35 3.67 1.56 1463.81 10 4 I 
" 66.50~48.5d 2.20 3.52 1.60 1906.35 
" ~ 66.50~48.5d 2~13 3.52 11.65 2246.77 I J 
" ' 
t ! j, ~ 
67.50~48.3~ 2.47 
i " 67.30;49.0~ 2.26 
67.00~49.1d, 2.16 
66.20~49.29 2.10 
3.70 1.50 
3.61 1.60 
3.52 1.63 
3.36 1.60 
1191.47 
1736.14 
2076.56 
2348.9 
10 
i ~ 1----f-----+---+---.+----+----+----I---.--4-----I---.-~ j i 
P221 18.0 
t 25.5 
30.0 
'. 
1 35.5 
I 
83.5 i45.0~ 2.46 
5: 82.00!45.5q 2.26 
81.30;45.8512.18 
I ~ : 
9.23 3.75 
8.68 3.84 
8.35 13.83 
7.80 3.75 
1225.51 
1736.14 
2042.52 
2416.98 
17 9 
!i 85.50 !46.00i 2.08 1 1 ~------__ ~-~---+----_r-----+_---+-----~------+_--------
P23 t 19.0 184.50 ~48.3512.42 9.14 3.77 1293.60 I 
; 23.50 184.00 j48.50~ 2.32 8.86 3.82 1599.97 17 9 I 
1 26•50 183.70148.60;2.23 8.56 3.84 1804.23 ! 
I 34.0 l 81.70 i48 • 70 j 2.12 8.05' 3.80 2314.86 ~ 
i I ! 1 ! ~-------~~---~I---+l----~-----+----+----~----------+_------l 
P24117.50 ! 84.0014601512.47 9.26 3.75 11191.47 I 
• "J I 1 
: 25.50 82.30 i46.35~ 2.26 8.58 3.80, ,1736•14 17 9 ; 
129.50 81.40j46.7512.18 8.28 3.80 2008.48 i 
I 33.50 I 80.60146.80: 2.12 8.00 3.77 2280.81 I ~_~II ____ ~I _____ .l ___ ~j' ____ ~ ____ ~~.~ ____ -+ ____ ~~ __ ---i 
i I t 
P25 17.50 
22.50 
27.50 
35.50 
75.80147.1°12.47 6.37 .2.58 1191.47 1 
75.50j47.35j2.34 6.27 12.68 1531.89 17 6 I 
! 75.00147.4012.22 6.04 12.72 :1872.31 j 
! 73.70 147•60 j2.08 5.6212.70 !2416.9~"....J1"--__ .....J-! _____ • i 
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Table (3.6.) continued 
, 
j Run 
~ I No. Velocit~ Mg~~o~i~~f1n I-(N') (-) '" 1 . -- ----I - ~I TU NTU II W Rev freq. Amplitude I cm/sec,. T, op i Stil.ll ___ t+-__ I--'~~~ __ -+-_-+ ___ ---i - Re~olds c/s cm/Ht. 
r ~ BP26 
I 
i 
I 
I 
18.50 76.50148.10 2.44 6.46 12.65 1259.55 
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71.4c 50.35 2.46 -11 4'.43 1.80! 1225.51 
i 
, BP36 18.0 
4 t 25.0 71.2C~ 50.45 2.27 1 4.361 1•92 i 1702.10 21 I 
! 1 30•0 71.6 51.90 2.18 I 4.25j1.95 1,2042.52 I I 
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4.1. CORRELATION OF NON~~SED Dl.TA 
The variation of (N.T.U.) with the reflux rate 
in the case of the non-pulsed operation was investigated 
for the three columns: 1", 1t" and 2" inner tube columns 
and designated by series (A), (B) and (C) runs respectively. 
The overall height of the transfer unit was obtained by 
simply dividing the height of the effective rectification 
unit (length between top and base sampling points) by the 
number of transfer units developed. 
As was expected, the efficiency of the column, 
in all cases, decreased with increasing vapour flow rates, 
for R > 1100, 
ev below which value, the operation of the 
column was considered to be unstable. ~s indicated in 
Figure (3.1.) the efficiency dropped by a value of 18%, 
in the range 1200>/, Rev ~ 2600, for series (A) results. 
The corresponding vaaue for the (B) column was 1¥~ and 
similarily for (C) column a decrease in efficiency of 
23% was obtained. The results for the latter column were 
somewhat scattered and were treated with some neservation 
at this point. Other research workers, studying concentric 
tube rectification columns reported similar trend of the 
performance, and for the system used assumed that the 
overall phase resistance lies mainly in the vapour phase. 
In order to determine the validity of this assumption and 
to determine whether there is any resistance to mass 
transfer in the liquid side, the values of the overall 
resistance, 1 and given by the expression:-
KOG 
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1 = 4 HOG/v (d-do) ......... (4.1.) 
KOG 
where: 
d :- diameter of outer tube; cm. 
do :- diameter of inner tube; cm. 
v :- velocity of vapour, based on empty column, cm/sec. 
1 values were calculated and plotted against 
KOG v 
1 
0.8 
. K 0.8 d K . . d d t f th l·t assuml.ng G.,l..· V an L l.S l.n epen en 0 e gas ve OCl. y. 
The data, when plotted, were represented by a straight line 
passing nearly through the origin as shown in Figure (4.1.), 
indicating according to equation (1.11), due to Colburn, 
that most of the resistance lies in the vapour film under 
normal conditions of operation and that the resistance to 
mass transfer in the· liquid film was assumed to be 
negligible so that, 
•••••• (4.2.) 
The measured performance of the three columnq 
expressed in terms of the overall height of a transfer 
unit (HOG), is shown in Figure (4.2.). The effect of 
the effective diameter .\l$'Il-.s width = d - do.), on the 
efficiency of the three columns is seen to be marked. 
The efficiency of open-tube columns, assuming negliGible 
li~uid-phase resistance h~s been shown in equation (1.8) 
to be inversely proportional to the tube diameter, i.e:-
N eX. d-1 0( (4 ) OG or HOG' d...... .3 
The experimental data were further plotted in 
terms of (HOG/d - do) versus vapour Reynolds nut:1ber (Rev) 
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as shown in Figure (4.,.), and it was observed that although 
there was some scatter, especially for the data pertaining 
to (Group C) runs, the slopes of the three lines plotted 
on logarithmic scale was approximately the same and 
corresponds to ·J.n exponent on the Reynolds number of (0.24) 
especially for groups (A) and (B) runs. This would probably 
suggest, that in this work, turbulent conditions developed 
and prev~il in the gas phase since vapour in the system 
considered, was abruptly introducad to thc:column, which 
provided' no 10\-Ier calming section and furthermore:, the 
inner tubes, blocked from the lower end and perforated with 
t\vO rows of -it--in. die;meter holes probably acted etS 0. 
turbulence promoter. The fnct that the data in Figure (4.3.) 
did not fall on 0. single straight line further suggests' 
the function of the width of the ayuul~r space to be of 
importance on the efficiency. 
On the basis of the information so far obtained, 
it was decided to find nn expression correlatins the data 
for the three columns nnd using assumptions introduced 
by other workers describing the operation of open-tube 
distillntion columns, n t total reflux. The pO\,ler of the 
Schmidt number (Sc) was taken [',s (0.67), due to thn.t of 
Gillilo.nd equation (1.3.), and the physical characteristics 
of the liquid and vapour mixture during rectification were 
assumed to be constant and liquid film resistance was 
assumed negligible. It was found that the data could 
be best represented by the following equation:-
HOG = 10.26 (d-do) 0.64R;·24Sc 0.67 (4.4.) 
where the constants \'lere obtained using the Rosenbrock 
oplimisntion technique to minimise the sum of the squares 
of the difference between HOG (calculated) and HOG (observed). 
-do 
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Tables (4.1-3.) shm-l the results as calculated 
by expression (4.4) and the corresponding experimentally 
obtained&:tu and Figure (4.4.) is a plot of (HOG/Cd .. do)0.64 
8
C
O. 67 ) versus (Rev) for the three columns. It would appear 
that the correltvtion (4.4.) relates the results (A) and (B) 
groups satisfactorily, with little scatter. However the 
results pertaining to the 2 .. in., inner tube Column (C group), 
deviated grossly from the correlation. This is believed 
to be due, as was discovered later, to the existence of 
n Ibulge l in the inner tube, when pulsations were applied 
creating eccentricity and misalignment of the t,,'lO surfaces. 
Contact of the inner ad outer tubes due to 'bowing' 
resulted in a partial interruption of the flow of the 
reflux over the inside wnll of the outer tube, thus 
giving rise to the formntion (at points of e0ntact), of 
'rivulets' of liquid reflux. The reflux is made to course 
down in the form of thickened streams, instead of a thin, 
uniform film; a condition which is unfavourable for bringing 
about the desired intimacy of contact between liquid and 
vapour. 
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TABLE (4.~.) 
SUMMARY OF RESULTS - NON-PULSED COLUl-iNS 
Inner I HOG 
Tube Rev. I (expre.) 
~i~!'J-+--',-~ 1135.~6 84.66 
1377.72 87.09 
1 
1700.63 I 92.36 
1872.84 I 95.25 
2508.46 1101.60 
1327.87 11 85.70 
1654.18 90.50 
2198.02 i 97.10 
t 
2526.59 I 99.80 
2753.19 1102.20 
1370.93 I 89.30 
1631.52 1 92.00 
2186.69 I 98.70 
! 2458.61 f 101.60 
1 2662.55 ! 102.60 
t ~ I 1461.57 I 89.70 
I' 1767.48 I 91.80 
I 2141.37 I 95.25 
12583.24 1101.30 I ! I 2707.87 j103.70 
I 1235.65 I 83.75 
I 1578.90 I 89.60 
. 1'918.56 ! 96.00 
1 ~ 
I, 2338.20 ~ 97.50 i I 2620.25 103.50 
·i 
HOG I HOG (exptl.) I" 
(Cale.) i Se O• 67 (d_do)0.64 , 
I 
84.50 
88.52 
93.11 
95.29 
,102.21 
! 87.74 
I 92.49 r 
I I 99.02 
['102.39 
I 
t104.82 
I 88.41 I 92.18 
I 98.90 
!101.72 
1103.68 
, 
i 89.78 
i 
: 93.97 
f 98.40 
t !102.93 
! 104.10 
I 86.24 
r 91.46 
I 
i 95.84 
\100.50 
t 
:103.28 
55.33 
56.92 
60.37 
62.25 
66.405 
56.01 
59.15 
63.46 
66.78 
,66.78 
58.37 
60.13 
64.50 
66.41 
67.09 
58.63 
60.00 I 62.25 
" 66.21 
67.78 
54.74 
58.17 
62.75 
63.73 
67.65 
HOG (oale.)' . I 
seO• 67(d_do)0.64 I 
55.23 
57.86 
60.86 
62.28 
66.80 
57.35 
60.45 
64.72 
66.92' 
68.31 
57.78 
60.25 
64.64 
66.48 
67.76 
58.68 
61'.42 
64.31 
67.27 
68.04 
56.37 
59.78 
62~64', 
65.69 
67.50 
ilnne1 
iTube 
iSize 
ICin. 
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TABLE (4.2.) 
SUMHARY OF RESULTS - NON.PULSED COLUMN 
~ 
~ HOG 
Rev. :: (exptl) 
~ 
.. 
" ~ 
HOG 
(Cale.) 
HOG (exptl.) 0 64 
S 0.67:-(d_dO) • 
e 
HOG (eale.) 
i 0.67 0.64 j 
e ,Cd-do) I 
1215.39~ 63.25 61.94 57.50 56.31 
i 
1220.401 63.60 62.00 57.82 56.36 
1362.1~ 63.60 63.66 57.82 57.87 
J 
1635.33]66.60 66.51 60.55 60.46 
2290.25170.90 72.11 64.45 65.55 
1166.16163.00 61.33 57.27 55.75 
.I 
1i 1437.36164.90 64.49 59.00 58.63 
1708.56166.30 67.22 60.27 61.11 
2108.58;69.00 70.70 62.73 64~27 
I 
2410.66{72.70 73.01 66.09 66.37 
i 
1168.75163.50 61.36 57.73 55.78 
1515.26165.20 65.31 59.27 59.37 
1659.00,66.80 66.74 60.72 60.67 
I 
2087.67169.60 70.53 63.27 64.12 
I 
2370.90f71.90 72.72 65.36 66.11 
1193.28163.00 . 61.67 57.27 56.06 
I 
11464.4~ 64.40 64.78 58.55 58.89 
11115.34167.20 67.28 61.09 61.1'6 
1
2108.58 70.60 70.70 64.18 64.27 
,2295.50,'71.30 72.15 64.82 65.59 
1
1238.30 63.50 62.22 57.73 56.56 
1500.35164.20 65.15 58.36 59.23 
11910.72169.00 69.05 62~73 62.77 
I I I I 
I 
12'156.67\70.00, 71.08 63.64 64.62 I 
2383.22 i74.40 72.81 I' 67.64 66.19 
,i j I ~. --~----~------.-----~--------------.-+------------~j 
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Tl.BLE (4.3.) 
SUMMARY OF RESULTS - NON-PULSED COLUMN 
I InneJ 
Tube' 
i HOG I HO~--rHoo-( clltl?tl.) ---;-" HOG 
( ' tl'!('C"l ) S 0.67 0.64 ! S 0.67 
(calc.) ,I 
0.64i 
s~ze I (J.n. ); 
Rev. exp ., , t.i. c. (d d' ) 
, c· - 0 C 
2 
i 
11112.56 43.80 
1338.95 55.40 
1564.12 59.80 
1963.54 55.00 
2450.85 59.50 
1156.92 46.70 
1579.12 49.80 
1852.16 53.90 
30.02 
31.38 
32.58 
34.41 
36.29 
30.30 
32.65 
33.93 
j2072.85 57.20 34.86 
12437.00 56.00 76.24 
I 
11662.23 47.56 33.06 
I 11473.:14\50.50 32.11 
~918.75 50.60 34.22 
IZ150.29 I 55.50 35.16 
I 
2522.00 61.20 36.54 
1017.00 45.50 29.38 
1498.38 49.30 32.24 
I ~715.34 I 57.30 33.31 
82.64 
104.53 
112.83 
103.77 
112.26 
88.11 
93.96 
101.70 
103.92 
105.66 
89.62 
95.28 
95.47 
104.72 
115.47 
15.85 
93.02 
108.11 
109.81 
117.55 
. (d-do) I 
56.64 
59.21 
61.47 
64.92 
68.47 
57.17 
61.60 
64.02 
65.77 
68.38 
62.38 
60.58 
64.57 
66.34 
68.94 
55.43 
60.83 
62.85 
66.34 
I 
68.51 I 
~149.26 \58.20 35.16 
\2458.61 62.30 I 36.31 
1.. ____ \ ----t-I _--'l'--------'" __ ----'---__ -.-1 
I 
----------------------------- ---------~---------
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4.2. EFFECTS OF PULSATION PARAMETERS ON PERFORMANCE 
4.2.1. INTRODUCTION - Preliminary results 
Preliminary runs were initiated on the 1"-inner 
tube column to determine the effects of pulsations on the 
performance and also to gain some idea on the rate of 
establishment of the operating conditions in a column 
working with pulsating flow of the gaseous phase. 
Table (3.4.), Section (3.2.1.) shows the beneficial 
enhancement obtained by the use of pulsations. An increase' 
by a factor of (3) was obtained using pulsations of 
fixe& frequency of 15 c/s. It was then decided to 
investigate the performance for the lower range of 
frequencies and the results; obtained are shown ih 
Figure (4.5.). A definite increase was observed and 
this increased with increasing frequency. The motor 
driving the pulse generating unit was then replaced with 
a variable stroke Dotor" to obtain a wider range of 
frequencies and the performance of the column could be 
investigated under frequency of pulsations range varying 
between 0-21 c/s ~nd this was considered sufficient for 
the purpose of this experiment. The rate of establishment 
of operating conditions was discussed in Section (2), 
and it \"Ias concluded that the time needed would be between 
2-3 hrs. for equilibrium to be established. 
4.2.2. THE EFFEC'r OF FREQUENCY ON COLUMN PERFORMANCE 
Pulsation frequencies of 2, 4, 7, 10, 17 and 21 
cycles per second were used. For each of the above 
frequency and at a fixed amplitude, the efficiency of the 
Column "1D.S determined for' four vapour flow rates between 
, 
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the range of 10-22 cm/sec., (11,00:< Rev <25,00), as 
reported in Table (3.5.) section(III). 
Figure (4.6.) shows the variation of performance 
of the Column plotted as (N.T.U.) vs frequency, with 
amplitude being the parameter, at a fixed vapour flow 
rate (Rev = 1700). A family of curves was obtained, 
and the general pattern was that, nt all frequencies 
investigated, an increase in efficiency over the 
non-pulsed values, rises with increasing frequency 
to a region of opti\1'\'lal value and thereafter decreasing 
with further increase in frequency. The maximum increase 
obtained for amplitude of 6 cm.Rg. was 2.10 and for 
A = 4, the corresponding increase was 1.63. There exists, 
therefore an optimum frequency for a fixed amplitude and 
vapour flo"rrate of a known system. 
Similarly, the efficiency of the 1i"-inner 
tube column was also investigated in the range of 
vapour velocity of 18-35 cm/sec. The data are tabulated 
in Table (3.6.) Section (Ill), and figure (4.7.) is 
a plot of (N.T.U.) versus frequency of pulsations at a 
fixed (Rev = 1700) and the amplitude being the parameter. 
It was observed that the performance of the column was 
significantly improved and that the important feature 
about the variation is a region of optf~n1 value at 
a frequency of about 17 c/s. as was found for the 1-in. 
Column. However, the maximum increa~e obtained for this 
column for amplitude of 6 cm. Hg. was 2.67 and for A = 4, 
the increase was 2.0. 
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THE EFFECT OF AHPLITUDE ON COLUHN PERFORMANCE 
Figure (4.8.) shows the variation of (N.T.U.) 
versus amplitude of pulsations, at a fixed vapour flow 
rate with the frequency being the parameter. The amplitude 
used ranged from 0 - 10 cm Hg. and the data used were 
taken from Table (3.5.), for the 1"-co1umn. 
The plot indicates that in the region of amplitudes 
investigated, the increase in efficiency is directly 
proportional to the amplitude of pulsations. 
Figure (4.9.) shows a similar plot, but for the 
1i" column, and the data were taken from· Table (3.6.). 
The increase in the efficiency is obecrved. with increasing 
amplitude for a fixed frequency and from the plot the 
increase in the steepness of the slopes of the lines 
in the range of frequencies 0 < f ~ 17 cl s. indic3. tes an 
increase in the same direction of the efficiency as was 
also inferred from Figures (4. .. 6-1). 
4.2.4. THE EFFECT OF VAPOUR VELOCITY ON PERFORMANCE 
Figures [4.(10-12)] represent the data taken 
from Table (3.5.) re1atine to the 1rl -inner column. These 
were plotted as (R) versus Reyno1ds Nurpber of the vapour 
phase (Rev) with the frequency of pulsations as parameter. 
It is shown that (R) values for the pulsed Column do not 
change significantly over a range of vapour flow rate, 
especially for the higher intensity of pulsations. For 
the lower frequencies 0 ~ f ~ 6, the efficiency of the 
pulsed column is not entirely uninf1uenced. by the vapour 
flow rate, but the effect is smaller than in the non-pulsed 
- 177 -
Column where efficiency decreases with increase in flow 
rate. 
Data from Table (3.6.) for the 1t" inner column 
,"~plotted in FigUres (4.(13-15)] to show the variation 
of (R) versus (Rev). As above, this column displayed 
a similar behaviour, and it was thought valid to 
conclude that the effect of the vapour flow rate on the 
per cent increase in efficiency of the pulsed columns is 
small and would not be taken into consideration in the 
overall correlation of the results. 
4.3. CORRELATION OF PULSED COLUMNS DATA 
The amplitude-frequency (Af) product represents 
a useful, simple means of correlating the pulsing 
conditions \'1ith column performance. A more exact 
analysis of the data, however, indicates the need for 
ndditional considerations. One of these is that the 
variation of frequency has effeots not fully accounted 
for by the cOrresponding (Af) variation. This is 
apparent in Figures (4.7.) and Figure (4.8.) 1tlhich show 
that there exists a maximum value of efficiency at 
approximntely 17 cls, after which frequency, the efficiency 
begins to decrease with incre~sing pUlsations. A plot 
of (N.T.U.) versus (Af), from the data presented in Table 
(3.5.) revealed a poor correlation and therefore the 
need for another refinement of the Amplitude - frequency 
product was attempted. 
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The experimenta1 data have indicated for both 
Columns, that the variations in the vapour flow rate 
have no significant effect on the ratio of the performance 
(R). Accordingly data given in Tab1e (4.4.) were used 
taking the nverage of (R) for every run and correlated 
using the expression:-
(N.T.U.) = (N.T.U.) [1 + K A sin2 « f -1 •• ~. (4.5.) 
p 0 --2 fo 
where K is constant ~or the 1-in inner tube column, the 
following expression was obtained:-
R = 0.189 A sin 2 (A f ) 1 + 2 10.59 •••••• (4.6.) 
and for 1t-in. column: 
A2 f _ \ 
R = 1 + 0.286 A sin f ~ ~ } 11.36 I •••••• (4.7.) / 
The constants were obtained using the Rosenbrock 
optimisntion technique with the aid of a Computer program 
(see Appendix ). 
Ittwas observed that the ratio of the two 
Constants 0.189/0.286, is nearly equivalent to the 
Area/Volume ratio, (a) of the two columns i.e. 1.26/2.1. 
This wou1d probably suggest that the overall 
correlation would be represented by the expression:-
R = 1 + 0.15 a A.sin2 
where the value of 
1\ 
2 
£'1 
_I 
fo ) 
-1 
a = Area/volume ratio of the Column, cm 
fo = frequency for optimum efficiency, cia 
....... (4.8.) 
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This correlation indicates that the increase in 
efficiency obtained by the use of pulsations la: cyclic 
and has an optimum at frequency in the region of 17 c/s. 
It would be useful if the validity of this expression 
could have been investigated for higher pulsations, and 
systems with different physical properties over a wider 
range of reflux rates. 
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4.4. Interpr~on of pulsed - columns results 
4.4.1. General 
The increase in efficiency that has been noted as 
a result of pUlsations is difficult to explain on theoretical 
basis. In general, there are two ways by which it is 
possible to increase the efficiency of a distillation process. 
O~e'of these would be to increase the mass transfer rate 
betwe6~ the phases by means which would reduce the resistance 
to mass transfer at the interface. The other way is to 
increase the interfacial contact area between the phases. 
When the vapour phase in a distillation column is 
pulsed, the turbulent nature of the flow produced appe~rs 
to produce an effective vapour diffusioro coefficient or 
"eddy diffusion", reaching as high as ten times that for 
laminar vapour stream. This turbulence within the phases 
result in an intensification of mass transfer and of the 
relative speed at the interfnce without increasing the 
mean vapour flow. The overall effect is that the 
application of pulsations to a distillation column is a 
practical ~ethod for efficiency improvement. 
4.4.2. THEORETICAL CONSIDERATIONS IN RELATION TO 
MECHJ.NISM OF PULSATIONS 
. 
In distillation process, pulsations applied to the 
gas phase will set in motion a flow in the vapour which is 
continuously accelerated and retarded. Consequently, the 
pulsations can create turbulence, in the gas, or, through 
the vapour phase, they may act upon the liquid phase. 
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Mass and simultaneous heat transfer can take 
place in the accelerating or retarding period. These 
periods can be considered as an incipient process in 
which the interface is not yet completely developed. 
Under these conditions, the interfacial layer 'is reduced 
and the rate of the process is increased. 
An important consideration concerns the profile 
of the velocities and the velocity gradient during one 
oscillation. Franke (113), studied the profile of air 
velocities pulsating at frequencies of 5 - 25 Hz in a 
square-shaped tube. His results are shown in Figure (4.~, 
and the graphs represent the variations of mean valuee 
of absolute velocities with distance from the walls at 
different frequencies. In a pulsating flow, contrary 
to the known profiles for steady-state flows, a ring 
effect is observed whereby the flow velocity reaches a 
maximum in the vicinity of the wall and then drops 
suddenly towards the wall. This phenomenon is due to 
the variability of the ratio between the forces of 
inertia and those of friction at a certain distance from 
the wall. If this ring effect be coupled with the 
development of the interface layer, it seems that it could 
be an important factor in contributing for enhancing mass 
transfer. The interactions between the flow of the vapour 
phase and the liquid phase must also be considered. 
A liquid film flowing over a vertical surface and having 
Reynolds number of ReL > 16, will form waves on its 
surface. The presence of waves on the film surface has 
a mixing effect in this zone even for Reynolds Number 
V 
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~lues of ReL < 16, and that the more the uoplitude 
and frequency of the waves increase, the more substantial 
is their effect upon the gas phase. 
Tn the case of pulsating flow, it is possible for 
the vapour, being homogenous and compressible, to 
vibrate as a solid elastic system or to get into resonance 
acting upon the liquid in various ways. From this point of 
view, the amplitude and frequency of pulsations are of 
significant importance because they determine the extent 
of the effect of the gas phase upon the liquid phase. 
Creating turbul~nce in the gas phase with pulsations 
can explnin to a certain extent the increase in the 
efficiency obtained, but does not seem to justify the 
existence of a peak. It seemed also possible that there 
may exist a link or interdependence between the pulsation 
frequencies and the frequency of the liquid waves, and 
that at equal frequencies the pulsating vapour phase has 
a stronger effect upon the liquid reflux film producing 
a high mixing effect. However Brauer (115) has shown 
that with the system for an unpulsed falling liquid film 
the wnvo frequency increases with the reflux rate, whereas 
Figure (4.6-7) show a maximum increase at the frequency 
17 c/s, for different reflux rates investigated. 
It can be concluded, on the basis of visual 
observations of the liquid reflux having maximum ~hythmic 
vibrations, that the pulsating vapour has the stroneest 
effect on the liquid at approximately a frequency of 17 c/s. 
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Under these conditions, while the process is taking pla~e, 
there is a reciprocal effect, which helps to emphasize mass 
transfer: the gas, by acting upon the liquid film creates 
turbulence and waves, and these in their turn act upon the 
vapour phase by amplifyine its turbulence. The overall 
effect of this phenomenon is that surface renewal of both 
liquid and vapour phases coming in contact can be achieved 
at higher rate with the application ef pulsations. 
4.4.3. Mechanism of Diffusional Transport 
A hypothesis of the "free-surface diffusion(116) 
theory could be put forward to account for the intensification 
of separation process under pulsations. With the liquid 
- fluid boundaries, the transfer necessarily takes place 
into a free liquid surface, as postulated by Kishinevskii 
(117) and in addition it is envisaged that turbulence 
is transferred through the interface from one phase to 
the ot~er. The rate of transfer through a free liquid 
surface would be expected to be governed by both the 
molecular and the eddy diftuGiviti'j~ 
The presence of pul~ntionintroduces interfacial 
rippling as a manifestation of the transfer of turbulence 
as sugeested by Figure (4.16b). 
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TABLE 4.4 
CORRELATION OF PULSED DATA 
r-
Tube Size 
(N.T.U.) jcri.T.U.) f A ('in. ) p 0 (c/s) (cm. Hg) 
.• 
- I 
I 
1.05 2 2 i i 
I 
1.17 4 4 t i 
1.10 4 2 I I 
1.52 7 6 I 
1 1.30 7 4 I 1.70 10 6 
1.41 10 4 
2.62 17 8 
2.07 17 6 i I 1.67 17 4 I 
I 
2.38 21 9 
2.05 21 6 
1.58 21 4 f 
-
1.03 2 2 
1.26 4 4 i 
1.11 4 2 I 
1.45 7 6 I 1.44 7 4' 
• 
1t 1.95 10 6 i I 
:l.!l9 10 4, I 
1.79 17 9 I 
2.67 17 6 i , 
1.96 17 4 I I 
3.67 21 10 I , 
2.56 21 6 I 1.90 21 4 I 
i 
I t 
I 
...l 
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Before this theory can be tested quantitatively, it will 
be necessary to obtnin data for the variation of the eddy 
viscosity and diffusivity' across the interface e.g. by 
means of velocity and concentration traverses. 
h related phenomenon is that of the effect of 
pulsations result in local variations of velocity gradient 
at the interface so that mixing is promoted and thus 
increasing mass transport across the phases. 
4.4.4. Theory of partial condensation and ~vaporation 
The subject of this thesis is a proposal for a 
method of column operation under the application of 
pulsating pressure, the column being operated first 
at one pressure maintained at a specified level, then 
at some increaseJpressure level, then reverting to the 
original pressure. The cycle being repeated continuously. 
A column operating in this manner between a lower 
pressure (P1) and a higher pressure (P2) will come to 
thermal equilibrium with the boiling point corresponding 
to a pressure intermediate between pressures (P1) and 
(P2). With the application of the higher pressure fP2); 
superheating of the vapour phase will occur due to 
the work of compression applied to the system from an 
external source (pulsations); this compression being 
neither iaotheroal.nor adiabatic but of a polytnopic 
form. The vapour now being in a superheated condition, 
will be at a temperature higher than its surroundings. 
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and as n consequence will lose heat to them, the surroundings 
being defined as the liquid phase and column ¥~lls. 
Since the tempernture of the liquid is now below its 
boiling point at the pressure now applied, the superheated 
vapour, will upon losing its superheat and heat of 
vaporisation condense, the amount condensing depending upon 
the heat capacity of the surroundings, the rate of heat 
transfer and the length which the colun~ io 
maintained at this pressure. The result will be a surge 
of liquid down the column as reflux. If, at this point, 
the pressure is r~duced to (P1)' the liquid phase will be 
at a temperature above its boiling and a "flash vaporisation" 
will occur with a surge of vapour up the column. Again, 
the conditions which dictated the amount of superheat 
vapour condensing will dictate the amount of vapour formed 
by flash vaporisation. 
Equilibrium will be attained only when the 
temperature of the liquid phase coincides with its boiling 
point at pressures (p2 ) and (P1) respectively. 
The ultimate result of the pulsations would be 
an alternate series of surges of l.iquid and vapour streams 
within the column. It seems quite l.ogical that such 
surges will tend to promote turbulence in the gas and liquid 
streams, thereby increasing the rate of diffusion and 
providing more intermediate intimate contacting of the 
liquid and vapour phases. 
Thus the hoped for effect in distillation under 
pulsatine pressure was an increase in the efficiency of 
column performance. 
However, although the partial evaporation and 
condensation theory might be applicable to pulsed 
distillation, it would not apply to pulsed absorption 
process where the absorbed component reacted in the 
liquid phase and so became non-volatile. Tudose (81) 
has shown that the absorption of Ammonia in water under 
pulsations in a laboratory scale apparatus has similar 
characteristics to the present pulsed distillation process 
so it is concluded that the partial evaporation and 
condensation effect is a negligible factor in the 
intensification of mass transfer by pulsations. 
4.5.1. SUITABILITY OF METHOD FOR PRACTICAL APPLICATIONS 
Liquid - liquid extraction, by far, is the only 
known operation in which pulsations are exploited 
and used. C~cmerc~ally, the first large scale 
applic~tion of this principle was made during the second 
World War, when pulsed extraction was used to recover 
fissionable materials. It has been stated, that the 
reasons why pulsations of the continuous phase increases 
the efficiency of extraction are that the total contact 
area is enlarged and that the turbulence in the two phases 
is increased. This increase in turbulence causes a 
decrease in the thickness of the boundary layer which 
controls the resistance to mass transfer. 
- 197 -
The problem of increasing the efficiency of 
distillntion by 200-300% by the use of pUlsations 
is important from a practical point of view. However, 
the adaptation of this procedure for practical 
npplicntions must be preceded by an exact analysis of 
technical and economic factors involvea.Work on a ranee 
of other operations, discussed in section (!), emphasize 
the benefits obtained by pulsations of small-scale units 
and little consideration has been given to "scale-up" 
and economic factors of the process. Results of the work 
obtained on plant-scale study of controlled cyclic 
distillation (118), have shown thnt the promises of 
earlier small-scale efforts were not completely realized 
in the l~rge column and that modifications of tray design 
would be necessary. It is felt that unless further research 
cnn throw more light on these problems, the range of 
industrial applications of pulsations will remain limited. 
From the information at present available it 
might be possible to construct a "savings curve";savings 
could appear as a reduction in equipment size and cost 
or as an improvement in product quality_ Dnta for the 
"cost curve" are lacking and it was estimated that as the 
pulsation intensity is raised, the 'opernting cost will 
rise steeply, for example in pulsed plate columns the 
power consumption varies as the cube of the r.m.s. 
pUlsation velocity(119). 
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It is hoped thnt further information would be 
emphasized on the following points in the future before 
feasibility of the process is justified:-
(a) Development of simple and reliable means of 
pulse generation for large scale units of 
equipment with emphasis on power consumption 
and operating costs. 
(b) Accurate determination of net savings, on capital 
cost basis due to the application of pulsations, 
so that an acceptable return on the investment in 
pulsation equipment could be assessed. 
4.5.2. SUGGESTIONS FOR FURTHER WORK 
1. The procedure followed in this study and based 
on the determination of the overall values of 
(N.T.U.) is not very satisfactory as it does not 
give a true picture of what actually happens inside 
the column during the period of a cycle 
pulsations. It would be favourable, if the column 
were provided with intermediate sampling points 
along its length in order to visualize the effects 
of liquid distribution and composition and thus 
point values of (H.T.U.) could be determined. 
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Another method, of course, is to devise a system 
for the purpose of measurine the temperatures of both 
phases ao~urately along the leneth of the column. 
2. It is not clear whether any advantages would be 
obtd"ile.d b]'Eflplying other pulse wave shapes approaching, 
for example, a SGW~ tooth or square shape so compared 
to a near Sine-wave operation in this st~dy. 
3. Obviously, systems other than M.C.H./toluene 
should be studied to cover Shmidt number values (Sc) 
over a wide range to determine the; effect of variation 
of physical properties on performance. Poeltive and 
negative systems would conveniently be chosen. 
~~ The column performance could be investigated 
and operated at various pressures coverine a practical 
range of applications 0.1 - 3 atms. 
5. An extension of this work should be devoted to 
finding the effect of pulsations on throughput of 
a continuous column operating at different reflux 
rates. It will be interestine to operate a semi-plant 
scale under pulsations to reveal any limitntions 
of this method and to·assess its practicnl validity. 
6. Complete add exadt data should be made available 
on the performance of pulsed columns at higher vapour 
velocities and Qndep range of pulsation intensities 
than those reported here, also the problem of 
hydrodynnmics of liquid and vapour phase during pulsations 
- 200 -
could be cl~rified by incorporating n refined system 
of instrumentation and control along the body of the 
column, to determine the temperature and velocity profiles. 
7$ A pulsed multi tube column, similar in construction 
to a liBat exchanger would produce low H.E.T.P., with 
high throughput and a relntively low pressure drop, l-lhich 
would be industrially interesting, particularly for 
vacuum distillo.tions. Hore datn should 'be obtained in 
this area which is, at this stage only a corollary 
of the present work. 
CONCLUSIONS 
The main conclusions which can be drawn from 
this work can be summarized by the following points:-
~. Experimental studies on the performance of 
wetted-well columns usine a mixture of 
methylclohexane and toluene were conducted on 
three annular tube columns operating under 
normal conditions i.e. total reflux, atmospheric 
pressure D.nd non pulsations. 
2. A finnl correlation was obtained which took 
the form: 
HOG = 10.26 
R 0.24 
ev 
S 0.67 
c 
This expression correlated satisfactorily the 
datn obtnined from the 1-in and the 1i-in inner 
tube columns. 
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3. The d~ta obtained with the 2-in inner tube column 
was not used in the above correlation as these 
data were inconsistent due to mechanical problems 
of construction as mentioned in section (4.1.) 
4, The above equation was derived on the basis that 
the main resistance to mass transfer is in the 
vapour phase and that the liquid phase resistance 
is negligible. The excellent correlation of the 
data by the equation supports these assumptions 
and is in agreement with the findings of other 
(112)' 
workers • 
5. Expansion of these experiments to include work with 
other systems and higher vapour flow rates would 
be necessary to discover the validity of the 
correlation. 
6" Application of pulsations in the range of frequencies 
o - 20 c/s and amplitudes 2 - 10 cm Hg produced 
an appreciable increase in efficiency relative to 
the efficiency (N.T.U.) of the non-pulsed columns. 
An increase by 0. factor 2-3 havine been obtained. 
-7. Within the range of reflux rates operated; 
increase in efficiency of the columns were obtained 
with increase in frequency and amplitude of 
pulsations. A maximum efficiency was obtained at 
n frequency of about 17 cycles per second. 
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8 It was found that although the overall efficiency 
decreases with increase in reflux rates, the ratio 
(R), wes nssumed to be not dependent on the chnnge 
of the vapour flow rate, in the opernting ranee 
possible. This simplification was justified by 
the good correlntion obtained of the results for 
the 1 and 1~-in tube columns. 
9 The increase in the efficiency obtained could be 
correlated in terms of the pulsation parameters 
(frequency and amplitude), by the correlation 
which took the form:-
R = 1 + .150. A ..• sin2 ( jt 
2 
f 
. fo 
) 
The validity of this correlntion, should be 
explored, hm-rever for higher amplitudes and 
frequencies and for different systems. 
10 Qualitative explanations '-Iere proposed \'Ihich 
attempted to explain the characteristics of the 
results obtnined by pulsl3tions. It is concluded 
that surface renewal of both liquid and v:?pour 
phases and the creation of free-surface diffusion 
by the influence of pulsations, present a 
~avourable explanation to the mechanism of 
trnnsfer. 
11 It is proposed that expnnsion of this experiment 
should be made to large scale continuous distillation 
columns. This would reveal if the process has any 
potential commercial viability. 
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4 NOMENCLATURE 
Symbols are defined in the text after the 
expression (s) in which they appear. 6nly symbols which 
occur repeatedly are given. Although any dimensionally 
consistent units can be used, the cm. gm. sec. (c.g.s.) 
system is adopted. 
A amplitude of pulsations; cm Hg. 
i interfacial transfer are~; sq. cm./cu. cm. 
C heat capacity; col/gm. mole (oC) 
c Concentration; gm. moles/l. 
d diameter of outer tube of wetted-wall column, cm. 
do diameter of inner tube of wetted-wall column, cm. 
D diffusion coefficient; sq. cm./sec. 
G molar rate of flow of vapour; g~ moles/sec. 
HG height of a transfer unit, gas phase; cm. 
HL height of a transfer unit, liquid phase; cm. 
HOG height of overall transfer unit, gas phase; cm. 
HOL 
f 
height of overall transfer unit, liquid phase, cm. 
mass transfer coefficient, gas phase; gm. mole/DQc:. cm~o.tT:.. 
mass transfer coefficient, liquid phase gm. mole/ 
sec. cm (mole fraction). 
mass tr~nsfer coefficient, overall gas, gm~ mole/ 
sec. cm (atm.) 
mass transfer coefficient, overall liquid; 
gm. mole/sec. cm2 (mole fraction) 
f f . -1 requency 0 pulsat10ns, sec 
_ ~o4 _ 
L molar rate of flow of liquid; gm. moles/sec. 
M molecular weight. 
N rate of mass transfer; gm. moles/sec. 
N' local rate of mass transfer; gm. moles/sec. 
Ni interfacial rate of mass transfer; gm. moles/sec. 
sq. cm. r 
NOG number of transfer units, overall gas. 
NOL number of transfer units, overall liquid. 
P total pressure; (atmospheres) 
r radius of tube; cm. 
R ratio of N.T.U. - pulsed 
N.T.U. - non-pulsed 
S cross-sectional area of column; sq. cm. 
T absolute temperature; oK. 
Z effective length of wetted-wall column; m 
g acceleration due to gravity; em/sq. cm. 
h 
m 
heat transfer coefficient; ° cal/sec. (sq. cm) C 
depth below liquid surface; cm. 
diffusional mass transfer coefficient. 
slope of equilibrium diagram. 
refraative index at 20°C. 
thermal conductivity; (cal/s 2 cm • deg C cm) 
p partial pressure; (atm) 
S 
t 
u 
rate of surface renewal; 
temperature; °c 
average vapour velocity; 
V volatility 
-1 
sec 
cm/sec. 
x mole fraction of the m.v.c. in the liquid 
phase, mole fraction. 
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y mole fraction of the m.v.c. in the vapour phase; 
mole fraction. 
relative volatility as defined in equation (2.10); 
dimensionless. 
~ viscosity; gm/cm. sec. 
p density; gm/cu.cm. 
,) 
A molar latent heat 
V ~inematic viscosity; 6~. cm./sec. 
r' peripheral mass liquid flow rate; gm/cm. sec. 
~ angular velocity; red/sec 
Subscripts 
iI., B refers to components A or B. 
G, v vapour phase 
L liquid phase 
e or * equilibrium value 
i interface value 
av. average value 
p pulsed condition 
0 non-pulsed conditio~. 
m molar value 
ABBREVIATIONS 
H.E.T.P. 
H.T.U. 
N.T.P. 
M.V.C. 
L.V.C. 
i.d. 
o.d. 
Nu 
Pr 
Re 
Sc 
Sli 
(N.T.U.Yp 
(N.T.U.) 
o 
R.M.S. 
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height equivalent to theoretical plate 
height of transfer unit. 
number of theoretical plates. 
more volatile component. 
less volatile component. 
inside diameter 
outside diameter 
Nusselt Number, dimensionless; 
Prandtl Number, dimensionless; 
h d 
K 
C,u 
K 
Reyholds Number, dimensionless, d uf 
,f,t 
, 
Schmidt number" -lioensionless, /J, 
;7'1> 
I 
Sherwood Number, dioensionless, ~ 
D 
Reynolds number of the vapour phase. 
constant = 3.14159 
number of transfer units - pulsed. 
number of transfer units - non-pulsed. 
root - mean - square. 
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APPENJ)IX 
, '..;.216-
.. .. ." ····1 . 
FORTRAN COMPILATION BV #XPAS MK 1D DA~~ 1?/12/69T!~E 12/51/43 
.. 'F 0 R T RAN G 3 8 ;L' s..S ~ l' (H 0 V eRe H E r~ teA L E N GiN E P. R ! N 0 
t 
00 
MASTER P~LSED COLUMN . .. .. " 
,DIMENSION X(2);e(2);AMPG50~,~REQ(50i,R(50)~W(1000),F(50) 
COMMON *,~,iMP~FREQ;R,W,P,N,M,MAXPu~,e~CALe,lPRIN',INoze . 
N~2 ... __ 
MII13 ,. _. _... .. ... _ .. _... . _. _ .. _ .. __ .... _ .. __ . _______ .. _ .. __ 
MAXFUNa1000 ..... _ .. ,,_. _._._.- .. ___ . ._ ...... ,, ___ . ___ . 
E seA L E Cl" 0 0 ____ .... _ .. ~ _____ ...... _. __ _ __ ._ ..... __ .,... ..._ ......... ....... _ . 
rp I')INTQ1~' .... _ ... _. ___ .~,_ ........ __ . .-_ ....... __ ._ ..... __ .... ____ ... _ ._. _ .... _ ....... __ ..... _ .. __ . 
'" -.- "' c 
DO 1 I Cl ;, M .. ... , .. _ _ ... ........., _.. ___ .. _.. ._ ___. ____ . . __ . 
READ(1;10oiA~~(I)~iReQ(t);Rtl) 
X(1)a1: .• 
X(2):l1S. , 
E(1)a.001. 
E (2) a • 0'" 
ItJDIC=O 
CALL VA02A 
.INOIC=1 
CA L L C A'l P ,'nJ 
FORMATCHS.'2) 
STOP 
END 
ND OF SeGMEN~, LeNGTH 
COlIPurER PROGRAl.l1.:E 
.. CORRELATIOl~ OF PULS.8D "JAT A US ING Po~mLL 
OPTUiSN.PION ROU'.PINE. 
-- --------- .. - ... --.-~---~-.. --.--~-----------.----'-~ ... --. - - -_ .. - ... ~---- -- ---:~- =!""""'"or-,·-, 
i 
__ ... _.v .. __ .... _._. __ ._~ _______ .. ~ .... _____ .. _ .... _. ____ "'"- ._~_ ... _-- . .;.. _____ ~_ .. ~. _____ . L ....... :... 
. '-";'217 --
SUB R 0 UTi ~J F. C ALl' U N -. .. . 
.. DIMENSION ~(2):E(2)~AMP(50~,~ReQ(50i,R(50),W(1000);F(SO) 
COMMON *,~,~MP,FREQ,R,W,P,N,M,MAXPU~,eSCALG,!PRINT;tNDfe 
I F (I N DIe: F! Q .' 1 ) U RI T Et? , 1 01) '._ .. _._ ... ----
DO 1 i:;1 :'M 
T~SIN(PREO(i))~(2)) 
RCALC o X(1jwAMP(I)*?T 
.F(J)=Rd) .. RCALC- - .-.-. 
tF(INOtC:~Q:1)WR!Te~2,100)AMP(!),PR~Q(!i,R(I).nCALe,.( I) 
. CONT I UB----
00 FORt.1AT(~FQ.1'.3P11.2S ,." ...... " ... _.,' .. 
10' FORMAT(III§X,~HAMP,6X,4HFR~Q,5X,5H(R .. 1),4X,9H(R-1)eA(e ,5X,SHERROR, 
1/1) --.--.-.---... - ... -.-.. -- ..... - -... -- .--..... --.---. '--'-.- - .. ---. -.---.- ..... --
- -.. ---.. RETURN .. - - ..... -... ---------- -- -- -- - - -.. -- .----
.... _'_ .. ' ._.E N D .. _ ... __ .. __ . _. __ .. .. ___ ... ___ . ___ .. __ ... __ ._. _ .
.. 
ND OF SEGMENT, LENGTH 
21.8 -
SUBRou'f"iNe VAO?A . -------- - ... --.---- ~-~-.-_ ., .. 
DIMENSTON X(2).E(2),AMP(50),~REQ(!O',R(50),W(1000),P(SO) 
COMMON *,~,lMP;FRE~~R,W,F,N,M,MAXPUAiE9CALR,!P~INT,tNDle 
MP l U S N aM+ N .__ ___ _ _ . ____ ._. _____ . __ 
I(ST:tN+' .. U;UJSN ......... __ __ __ ______ .0> _____________ .. .. 
- NPLIJS:lN~1 ____ ... _ .. ___ .... _ ... '0>. 
KIN V :I N p 'L U ~ • ( M P L U S N :.. l' ) ; . _ .. _ ._ __ __ 
KSTOREm~l~V.MPLUSN.' 
CA L L C ~ 't F IJ N 
.. NNRN+N 
l(aNN_ 
. ." .... 
D01 la1,M 
KlltK+1 
W(K)::rF(l) 
1 CONTINlJe 
IINV=2 
KAKST 
I a1 
2 X(I)=X(i)+RO) 
CALL CA'LFlJtJ 
X(t)IIXd~~E(n 
DO 3 Jq;,t"J 
KIIIK+1 
W (K) =0 ': 
W(J):lO': 
,3 CONTINUE 
SU~t=O • 
I(K~NN 
DO·4 J cd, M 
KK=KK+1 
F ( J ) :2 F ( J') .. LJ o~ loO 
SUM=SUM~F(Jj.~(J) 
__ :4 CONTINue 
.. IF (SUM) C;~S"6 
.. --.--~ - ---.. '.:' --_.- --~ .. -.. -----_. - .-- -- .. _.- -".- -."._- :.-.. ,~- -.- - -~.-- .. -.. - .. - - _ .. ", :--~.-- .. -.- - -.: .----.--. .-- ... -- -
.. _ 5 W R t T E ( '- ~ . ., i I 
_____ 7 FORr~AT CSX,8HVA02A B(,f3,20H) UNReAsONABLV SMALL) 
DO 8 JI.;, M 
NNaNN+1 
F(J):I:\J(NN) 
. _ __ 8 CON TIN IJ e 
GO'TO 16 . 
_ 6 SUM=1.j~Q~T~SUM) 
JaK-N+i 
W(J)=E(i).!!;t"JM 
DO 9 J=-;,M 
. KaK+1 
. W(K):aF(J)lIdnj,.. 
KKaNN+:i 
DO 11 iia1~i' 
( '. ICKaKK+MPLlJSN 
_. _ W (I I) =-101( 1 i ) + W 000 * W ( ~) 
.. .11 CONTINUe 
_. 9 CONTINUE 
IlESS:rl .. 1 
IOM~AX=N"'r .. i 
INCINV.,ij"'TLF.~~ 
INCINPI3INr.t~\f+1 
IF (IL~~S5 13:13,14 
13 W (K I NV) ~,: 
. . 
.-.-- .. _- ... ,._--- -_ .. _._------- ----.--.---_.- .. __ ._-
r 
. . 
~ ~ •• • _. "9 _ .' _ • - •• ~ __ " _ ~_. __ -~ ____ ._ ... ___ • ___ • -~.- ---
- --- ----.---. - .. - ... ~.- ..... --.- . .. 
.. .• . .. . .• _ .. ..... ..... -:0:. 219 - . 
GO TO 15 
... 14 B=1. . 
~o 16 JqN~LOS;IGAMA~ 
. 'rH J ) :a 0 .: . 
16 CONTINUe 
K le a K ! N V . .-.. -
DO 17 ria1,·ILESS •. 
IIP::II",tJ .... '--
.......... __ WO I P )al,J Cl! P) "'IH KK) *\.1 ( ! I> 
.. _____ JL=I1+1'. .. '. 
.. IF (JL .. !U;SS) 18,18,19 
---- - _.-
. 
18 DO 20 J ~j =.1 L : t lI: S S·_··_-·_-· --'--'-- ~-,..... ." '" ... --- ... -......... ----""- -. _ .. - .-- ... 
K~.KK+1 - .... -........ ----- - .............. ---.---.. -..... --.. '.-- ---.--".'" .......... -.-....... --....... -". 
JJP=JJ.il -..-. 
W(IIP)qW(il~)"'W(KK~~W(jJ) 
W(JJP)nW(JJ~)+W(KK5~W(!I) 
.20 CONTINUE 
19 B=9-W(~i).W(I!P) 
KI(:aKK+tNCOJP 
11 CONTINtH: 
B=1./8 
.KKaKINV 
DO 21 iicNPLOS;IGAMAX 
BO ..... B*WeIi) 
DO 22 JJ .. tt,'IGAMAX 
W(KK):a~(K~)~RR~W(Jj5 
' ... KKaKK+1 
.. 22 CONTINUe 
... W(KK)c9f'; 
KK:1 KK+ i ~JC t t~V' 
21 CO~T I NtJR 
W(KK)aq ... -.-- ....... -
... 1 5 GO' TO (27 : ~ 4) ;!I N V 
... 24 1111+1 
I F (! - N ; 2, 2~ 2 S 
.. '25 IINV=1 
FF:rO. 
Kl-NN 
DO 26 i:;1:M 
...... KLI:IKL+1 
__ '" . F (I ) :a W ( ~ l ) 
. FF=FF+PCI;.~n) 
.26 CONTINue 
ICONT=' 
rSS:l1 
. . 
-- ._-.----- --' - - ~ ---- - --~--------- ---"------- - ._- ._---_.-- ~---- .. -_._-- ~----. ----_ .. 
I 
_.' ...... MC.I'IN+1 ... ___ .. __ ... ... .... _ .... __ ... -_.- ...... ..----.-- .----.-- ..... ---- .... 
IPPQIAgS(i~RTNT).(iABS(IPRiNT).1) 
ITC::IO. --. ..... __ ... ...... . ... - ............. -....... . 
.. I PSa1 ... -.-----.-- --- .. ---.... - .. -- ---- .-.. -
I c> C a 0 . . ....... -.- ...... -... ~ .. . 
.. 21 IPC:sIPC .. !ABSClPRINT; 
IF cIPe5 ?A:29~29 
_ 2 8 W R I T E C2 ~. 3 n ) T T C , !:1 C ~. j 51 . 
30 FORMAT (/~S*~QHITERiTION,Ii,~9,16H :aALt~ oi cAicUN;5~,2Hjq,e24~1i) 
WRITE(2;3~)(X(T).In',N) 
31 FORMAT ~5*,dHVARIAn~ES;/(5~24.14j) 
IF(IPRi~T~16oo;100';1001 
001 WRITe(2;3~)<~(r),ln"M~ . 
32 FORMAT (5X,9~FUNCT!ONS./(Sp24.14» 
000 IPC=tPp .. ---.--.- ..... ----. _ .... _ .. -
- - ~ - ... .. - -- ...... ~ 
GO TO (~9;3~);IP~ 
. - - .... . 
29 GO TO (34.~5).ICONT' 
35 IF (CHA~O~~~:) 10,~o,36 
10 I~(IPRtNTi100~:33,3? 
_ - 220 ..;,. 
1003 WRITE(2;1002~ _ _ __ 
1002 FORMATCiI5X:31HVA021 F!NAL VALues O~~AirAnLES) 
GO TO ,604 
3'1 W RI T E ( 2; 38)..· - -.---
38 FORMAT ~1/!*:4SHVA02APINA~ VALUES bp FUNCT10N! AND VARIABLES) .. 
1004 II's=2 _ ._ ... __ 
GO TO ~8 
33 RETURN .. _ ... ____ . __ . __ .. _~._._. __ , ___ _ 
36 I CON T:l1 ... ___ . ___ _ 
I 34 ITCI2ITe ... ,~ ___ . _____ ._. ___ .,_ ..... -- .... -.... -.---- -.---.. -- ... -.-- ----.-----. --. --- .. --.--_ .. --
Kc:tN_ .__ _ __ .... __ ._. ___ .. , ___ '. __ _ 
I( !( a K ST. . _ ... __ ... 
DO 39 rq,:'N_ .. ___ ._. _____ .. ' .... ____ .,_. __ . __ 
1<=1(+' ...... _. ______ ,-- .... _ .. __ ... _.-'-".- -..... -- ... -._-... --.-
I.J( 1<) ~ 0 ': ........ ... _ ... _. . . ___ .. _ . __ .. ___ _ .. ,_ ... ____. _ .. 
I( K Q I< K + N_ __ _._ ... _.. . 
W (n =0': ... _ .. 
DO 40 J' q 1 :' "1. __ _ 
KI(RKI(+1' . 
W(I)=wCi)+W(KK)*F(J; 
40 CONT! NlJi!' . 
39 CONTINue 
DM=O. 
K:::KINV 
D 0 41 ii a 1 , N:.. __ _._ 
11 P 12 II :.. tj .. __ . _ ... . __ .__ ...... _ ... _ .... '._ . ". 
W ( J I P ) El W ( i ! ~ ) :.. \J ( le ) .. W ( I i) .. _ _ _. . 
JL=II+" 
J F ( J L .. U ) 42. 42 , 43. ... .. . . _ . 
42 DO 44 J J':sJ l,' N .... _ 
JJP=JJ.N: 
K a K + 1 _ .. _.. . _ _... . .. 
W ( I I P ) a W ci r ~ ) :.. IJ ( le) ~ iJ ( J J L _. _._ . ____ .. _ . _ 
W(JJP)nW(JJ~)+IJ(I<).~(!!) ._ ... 
44 CON Tt N [J e 
". K=I(+1 
43 IF (nM .. An~(U(~I)~W~i!p5» ~5,41,41 
45 DM::ADSCWClOHitIIP);-. ... --.-. 
Kla II _. ... __ ..... _ ... ,_ ... __ .... _._. __ .. ______ . _ .. , ___ . __ ... _ .. _ .... _. ___ ..... _ .. 
'1 CONT! NUI!- .- ... - ........... _. --' .. -.-. . -- .. 
• t • t i. 
I I cN"'MpLU!H~*KL 
C H A N G E III 6 :; . 
00 46 if" :'N .... _._. ___ ....... __ . ..... ... _____ . 
J laN+ I' ...... -. ------_ .. _ ..... - .. ,--_ , .. _ ....... _ ._. 
W ( I) III 0': ..... __ .. __ ._ 
DO ,47 J'RNPLlJS;NN 
Jl~JL"'MdL~S~ .. 
W( I> =Hd )+IJ(J) *IHJ'(; '_ - . 
41 CONTINue .. ... 
11:1 I 1+ , ... _. _.' .. ____ .. __ 
W(IJ)C:WCJ'(;:n_,- ....... ~.-.- ----... . .... -.. _- --,._--._-. __ --_"_ 
W(JL)II~(r\ 
IF (AB~~~~ti~CHANGEi .. ADS(W~I~» 48,.i8,46 
1\ a C H A N G E a A R ~ (\,j-c n I e (I ; , .. . ... __ . 
46 CONT I NI'Ii! 
DO 49 i =:a 1 :. M ... _"_ , __ .~ ____ '. __ ._. __ . __ .. ... .. _ .. __ " ________ .. _. _______ . __ .. ____ .~ __ .. ~ ___ ~_" .. _. ~_4._~·* __ ·_ ..... _. "--~ - ~~ .,., .- ._--_.- .. -. ' •• ' .•• -. 
· -.. -... - -.. --.--.- - . --..... -. - .. -.. ' " -.- .. - - .. - ..... -.. ~.- -. -... -- -.- .... -.:----.-.1 
U:JII+~ 
JLIiIJL+1'. 
-. 221 -. - ..... 
~I( I I) ::IJ (J U _ .__ --.--. 
W (J L) er If ( I ; .. _ .. - .. -.--.- __ ... __ ._ .. _ 
I 
49 CaNT I NUB .... -- -- - .------- .'--' --. 
F C :I F F . __ -. -.- --- - ... -- ... -- . - .-
ACC=O.11cHANGE - -.- ..... --- .. ---' ----.- - ------ .. ----- --
IT=3 .--- ........ -......... -----.. ----.-----.--.. .. ........ --- ..... -... .. ......... --. 
xcaO. ---.---.- ._---_._._-- ._---_ .... --_._- .. _._-- ....... _.-----.... . .. _ .. -------.-------... _ ... --._ .. ---_._--_._._-- ... _ 
X LaO • ... _. . .. - .. .- .. --.--- .. -.------.. --... -.... -..... --
ISa3 _ .. ,.' , ,._ .... . ----- .. - ...... - ...... ---... -.-. 
XSTEPII .. AMIN1(O.5,ESCALI!/CHANOE) .. ........... - - ..... - .. -----------
IF (CHANG~ .. L) 50,50,51 -- .. -- ..... -- .... ----- -.- -- .. -- ..... ------
!SO I eONT a 2 . - . .. .... . - .... ----.... - --...... ...... ... ..--.... - .-... . 
5 1 CALL VD01 A (! T:' XC, F ~,6; ACC; 0: 1 , XS T & P) ----------- -- --- ---- --.--- ----- -.---------____ . ____ ._ 
GO 'TO (52:' s'L ~3, 53);! T .-. -- --. ----.-------- .. ----.-----------
52 ~1Car·'C"1-. . . -- . -- ..-- -. .--- .... -... -----.-.-.. -. 
IF eMC .. ~;AXj:t'IN' 54,S4,5! .. - ----. . ---- . - ------ .--- .. 
55 WRITee2·:5~HhX~lJN-. .-- ----- .. -----
56 FOfH'ATfSX;SH"A02Ad~,1?H eAlLS OP 'eALFUN) --. ---- -.. --".-. 
I SS:s 2 . -- --.- ---... 
GO TO ~:t --. .-- .. ' .....-- - -- .--- ---- .. ----.---.... 
54 XL=XC-Xl' 
DO 57 j';'1 :'N. . .. 
,t' .. . . 
XeJ)=XlJ)+XL*W(J)-
91 CONT! Nile 
x l ::z X C _ . _ _ ______ . _... __ __ 
CALL CA'LFUN 
r:C::JO. '''-- -- ... -...... --- .... ---.. - __ ..... ---.".-_. "--'--'" 
DO 58 :j~1 :'M - --- - -.-----.- ----- --- .-.- --- -" ... - --- - .--
Fe tS Fe .. F Lt; * i (J'; .. ------ .. --- - -.---.- .----- ... -- -.- .. - ... -- -- ..... - -- .. ' . ---... -.. ----- --
58 CONT I NIle -- .,,- --- --- - .. - --.... ---.----- ... ------ ".---. -- ------ - -.... 
GO TO (59 :'S9,~'60), IS-- .---. .. . ---- . ---- .. -. -- .-.. -.. --
60 K~N ... - .... -. -- .. __ c. __ .. -.-..... -.- ... -- .. -- .......... - ....... --.---.-.----... --
IF (FC.~F) 61 :'S1 ~62 ... --- . . ------------.---------- .. ---.-. 
61 ! sa2 -- .-.--- ......... -" .. -.. - ... ---.. --.... .. ..... .-- ".----- ... ----.-- .-- .. --- .. . 
Ft,1tNaFe----.. --.-.-- ..... ---." ---.-- -.. ----.-.. -.--.. --- -- --- ..... " -- ..... ---- .... -.--..... -- -----... '.--'--"-' ... ----.-- ..... ---.----.--. 
F S F. C :t F 11 ... ---. -- --' .. - '--" ----.. - -. .. --- ---.- - . 
GO 'TO 63:----
62 I,S=1 . 
FM I N III F , __ _ 
FSECIIFe --
GO TO 1,3: . 
IF (FC.PS~e)· 64,5'1 ~!i1 
KaKSTORF. 
GO TO ti'S;14;;is-
.15 
14 
66 
KaN ... ..... ._ _.. . _ . . __ . _ ........... _ .... __ .. _._ .... __ .... _ .. ________ .. _ ..... _. __ . _______ .... _____ ._ .. _. ______ __ 
IF (FC-FMIN)' 65,51 ~~6 .. -- .... --- .. 
F SEC 11 F e -___ __ 
GO TO 63: 
65 JS:=3-1~ 
FSEC=FMiN. 
FM t Nil F r. ._ 
63 DO 67.' J'q1 :'N . 
"'''1(+1. 
W(IOPX(J) 
67 CONTINUS 
DO 68 JA1:M. 
, .... 
K~K+ 1 .. 1',.' _____ ........ -- .. - .- .. --- .. --- -...... -.. ---.-.. -.- .... ---- ..... - -- ........... -- ------- .. -....... -.-----... ------... --- .. -- ..... -. 
W ( K ) liP ( J) ---... -.. -- -- ... - --... 
.. _. 
- 222 -
- , . 
63 CONTINUe 
GO TO ~1' --
, .53 K=KSTOQI! 
KI<=N , _ .. " 
GO TO t69.10.69),19'_ 
10 K=N . 
K!(a KS TnR E_. __ , 
69 SUM=O._ 
DMIIIO. .. __ ',, __ ,-
JJ=KSTnRE 
DO 71 :j~1 :'N _ .. _._ 
IC A I< + 1 _.__. __ 
K!( = K le + l' __. ____ ._. _ . . __ ,. ___ ._ ._ '.' , ___ . __ . --___ .-.----.-----.-.--- - , ___ ---_ ...... ---- ---- -"-'" '-- .. ,-.,- -.---
J J:; J J ..... . -- ______ ... ---,,- ---. -... --.--. ,,--'--- - ---. ------.--. ---- --, . -. --,,- ---.- -"-'-- - -- --.,,- ----- --.--- ---
X(J)=W(~) __ ... _ .. ___ . __ _ 
W(JJ)cU(K) .. ~(i~) 
71 CONT! NUB_ . . __ __ . 
DO '12 J J:l1 :'M;,_ _____ __ ____ - -.----
I< J1 I< +' _. . ___ ._ .. ____ _ 
1<1<=1<1<+1--- -_, __ _ 
JJ=JJ+1. __ . __ _ 
F(J)aw(~) . ..._ 
W ( J J ) :: liC 10 .. ~( K 10 _ 
SUM=SUM~W(JJ)~W(Jjj 
DM=DM+ ~ (J i *I.}(JJ) 
12 CONTtN~~ .- ... -
GO TO (i'3:'10;ISS __ 
';'3 J=KlrJV . 
K!(aNPLLJi; .. l(l 
DO 76 1"1 :1((-- -.. --... ------ -----.-----.-
I< A J + K L ~ i : . _ _ . ___ .. 
Jal(+I(K _ .. _ .. __ ._ . ______ __ 
WCt)=W(~) .' ______ _ 
W ( K ) aWl ~ .,. , '. _ ~._ 
76 CONTIN~~ _. 
n (K L. N ) '1 1 '~' '7 8 ,'i' 8 __ 
77 KlciKI.+1 
JJal( 
DO 79 i:~Kl ~ N 
Kal(+' . 
'l i. .. 
J a J + N P LtJ S .. ! 
WC I) =W db ___ _. ---_. ___ ."'. 
./ 
• ~. ,. > 
W(K)aW(J-"'''4_ .. ____ . ___ ._~. .._._ .. _ .. _.~... .._ .. _._._ .. _ . __ ..... __ _ 
19 CONTINUe- .. -........- .. ."'-" .. ---. 
W(JJ)=\J~I() ,-_' _ .. _____ ... ___ .. __ . ______ ' .. __ ... , __ ._. _. __ .__ 
Bill 1. / \J ( Jie l .. 1): __ ._ _ _ _. _ '_" _ '''_' ... _. _...___. . __._._ ___ _____ .___ . __ .. __ .. _ .... ___ 
WCKL .. 1)r:;IHN;:. ___ ... _.._. ____ .... .. ___ ... '" _._ .... __________ .. _. ___ . __ 
GO TO A8 -... ..- .......-- .• ----... --.. ...-...- -'- .. - ---- .'.--- - . -- .. -
'78S=1./WlN) ."'" ... - ".- .-- .. - ------... --. 
88 K~KINV 
DO 80 iI11:'ILF.Sg 
Bf)aB.~/(i) ... 
DO 81 J RI :' I LF.S~ 
WC K) :t W t IC> .. n B 'lit l-J ( J) .. - "-. - ._- . 
ICpK+1 
81· CONT I NUB. 
K=K+1 
BO CONTINUS' . , ....... ~. . ............. . 
1 F (F M t N .. F r: i ' 82, a 3 .. 83 __ _.... __ .. _ _." __ ... _ _ 
83 CH A N G e 110': ,- .. _... . .. ... ---- ............. "_._.,,,,-_ ..... _- .. _ ....... ---.... -............. -_ .. _ ... _ ............ -.... -... " .... - -'_"." -............ . 
... ;: 
84 
85 
8t' 
86 
GOTO 84 
FF=FMIN 
CHANGEnAB~(XC).CHANGE 
XlJ:l-DMi~MtN 
SUM=1./StH~T(SlHHD~'.~U 
I(crI(STO!:te 
DO 85 j~1 :'N 
1(=1(+1 
W ( K) :I S U ~1* jj ( ~ ) 
WO)=o: 
CONTINUa 
DO 86 Iq1;'" 
I(criC+1 
WCK):lSUM*CW(K)+Xl*Pt!); 
KKaNN+i 
DO 87 j~1 ~'N 
KK-KK+MPLUSN 
.", ' .. ~ WCJ)=W(J).W(KK)*W(K) 
CONTINUE 
CONTINue 
GO TO 14 
'END 
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. - --" -". .. - _. ,. " - -~ \. -... - - .. - .- _. - - .' -.. , . - "- .' . 
SU9ROUTINP. VD01A(!TUST,X,F,MAXFUN,AeSACC,ReLACe,X8TBP) 
G 0 "T 0 (1',"~' ~h ~. ! T P. S 'I' ' 
2ISa6-ITRST 
ITEST=1 
IINCa' 
. X I Ne a X ~ TE p + X 9 T E P . . .. . .._ ....... . 
HCa 1S-3. ' .. _ ... _. 
I F ( MC) 4 ~I 4 : 1 S .. .._ . __ 
·3 HC=MC+1 .'_ .. ____ ......... _ ..... . 
IF(MAXFlJN-",e,12,15;i~5 _'''_' ,_._ ...... __ .. _ ... "'_" __ '" _''' ___ .. __ .. 
12 I TE S Tal. ... _. ___ .. __ ... _____ .. __ ." ... __ ...... _ ... _ ...... _ ... ._. _ ... _. ___ .......... _. __ ... ' ___ '_"'''' _. ___ '_"" ... . 
.. ,43 XaD9 .... _ ... _ ......... __ .. _ ........... -........ ---- ... -.. -...... - ........ __ ... _.. .- - ............. --.. 
"=FB . .. .--.--- .. --- .......... __ ..... _ ....... ---...... -.---....... -.- .......... -... -.... -
IF (F B- Fe) 1 !J; 1 S, 44 ............ - _."- ... ----- .... -_ ..... -. -- .. -.... -...... - ..... --. 
44 X a D C_ _.. _. _. _ .. __ ..' ___ .... ..... _ ...... _._ 
Fa F C '_. ...._ ..... _...._ .. __ ..... _.. . ...... ' __ _ 
15 RETURN_. . . __ .... .._ ""'_ .. 
_1 GO'TO (5,6,1':·8;,!9._ ...... ___ ....... ____ ... .. 
. 8 I Sa 3 . ... . __ .... . 
. . 4 DCa X ." ._ . __. 
FCaF 
. X=X+XST8P 
GO·TO:;. ~ ." 
.'7 1 F ( F C - r: ) 9 • 1 0, 11 
10 XaX+XINO 
X! NCaX HlC+X I Ne 
. GO TO ~ 
.) D8=X 
FBaF 
XINCa·~iNr. 
GO TO 13 
_ l' DBaDC 
F8 a Fe 
oc=x 
. FCaF 
.. _ 13 XaDC+De"DA 
ISa2 
GO TO ] 
. _, DAIIDB 
DBaDC 
FAIIFB 
F8aFC 
32 DC=X 
FC-F 
GO TO 14 
... 5 IFCFB-Pth16,'1?:1? 
.. 11 1'(F·F~S'A.32;32 
18 FAaFB 
.. DAaDB 
,. 19 Ft\.:F 
.. DBaX 
.. GO TO 14 
16 IF(FA·'~)21;21:20 
20 XJNCaFA 
FA-FC 
FC=XINe 
XINC=DA 
DA=DC 
DCaXINe 
I 
___ .. _"_' _____ ••• ____ • ___ •••••••.•• __ C. ___ • ___ ._ ••• _. _______ •••• ___ .:_ •. _. _. __ . ____ ._ ._._. __ ._. __ ._ ._: __________ • _. ___ ._ • _._ • .l~....ij 
._ 2 1 X HJ C :2 D C - - ---- . 
1~«D-~~)~(5-oe»32;22;22 
. ·22 1r:(F"FA;2],~4;'4 
__ ._ . 2 3 Fe :2 F B 
DeaDS 
. GO TO 19' 
-. 24 FAaF 
.. DA-X 
--.14 IFCFB-r:t)2S;2S:29 
25 IINC=2 
_ XINCaDC 
,,," " ... 
I 
_~~_ ~~._ .' - ._._._ ~ _ .• _ .• _ .. _ .. _. ___ .. _____ ------------_._--._-_ •.. _. ___ 0_. ____ ._-- ____ . __ 
. 
I F ( Fe .. ~ en! 0 " 45 , 29 '" .-.--- --- --_ .. ------ - ----.-- --.--. -- ---.-- .. ------- ... -.:_ ....... - --
29 D.(FA-~B)/(6A.OB) .. ('A-PC)/(DA.DC) 
IF(D*(O~ .. 6c»33i33,~7 
.__ 37 D = 0 • 5 • c ii B + ~ c .. (I: B .. Fe) I D) . 
IFCABS(D-X)-ABSCABSACC)34;34,35 
_ 35 IF(ABS(ti .. X)-A~~CD.~~LAeC')34~34,36 
34 ITEST=2 
GO TO 43 
. 36 ISft1 
- -X=D 
IF«DA.5c,.cnc-o»3;26:38 
.. 38IS=2 
GO'TO ~39;4~";!INe 
39 IF(ABS~*I~cj-ARS(De.D»4',3,3 
331Sa2 -
GO TO (41:4i);~INC 
,41 X=DC 
GO 'TO 10 -
40 IFCA9S(XI~C-X;-ABS(~ .. De»42,42,3 
4 2 X ZI 0 • 5 • ( X t N C + ne, ----
IF«XINt .. ~).cx .. oc)5~6,~6~3 
-. 45 X=O.5",(j)B+DC) 
IF(CDB .. X,.(X-OC»26;26;3 
-26ITEST=3 
GO 'TO 43 
-' .. - -END 
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